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Abstract  
English 
 
The participation of renewable energy in the energetic matrix is increasing continuously and the electrical 
energy storage technologies will be crucial in the future energy sector scenario. With this technologies, it 
is possible to regulate the fluctuating electrical energy generation that renewable energy sources present. 
Under the “Power to gas” concept, hydrogen can be generated with the surplus of those sources (e.g. solar 
and wind power). Thus, it is essential to increase the efficiency of the storage technologies. The generation 
of hydrogen by means of high pressure electrolysis is presented as a possible solution [1].  
 
This master thesis was done within the cooperation program between the Institute of Nuclear and Energy 
Technologies (IKET) and the Instituto Tecnológico de Buenos Aires (ITBA). Experiments were performed 
with an alkaline high-pressure experimental electrolyzer, where pressure was rise up to 180bar. It was stud-
ied the case of single bubbles behavior, focusing on the typical diameters and rise velocities of hydrogen 
and oxygen bubbles. The obtained results were compared with a bubbles swarm behavior, where clear 
differences were observed. To achieve the single bubble generation, a new electrode was design and an 
electrical pulsed signals was applied as power supply.  

Deutsch 

Der Anteil von erneuerbaren Energien am globalen Energiemix wächst kontinuierlich und die 
Elektrizitätsspeichertechnologien werden im Energiesektor in der Zukunft eine entscheidende Rolle 
spielen. Mit solchen speichern ist es möglich die schwankende Produktion der elektrischen Energie zu 
regulieren, die aus den erneuerbaren Energiequellen stammt. Mit dem Konzept “Power to gas” wird 
Wasserstoff mit Hilfe der Überflüsse an Solar- und Windenergie produziert. Entscheidend die Effizienz 
der Speichertechnologien weiter zu erhöhen. Die Wasserstoffherstellung durch Hochdruckelektrolyse 
wird dabei als ein möglicher Ansatz präsentiert [1]. 
 
Diese Masterarbeit entstand im Rahmen des Kooperationsprogramms des Instituts für Kern- und Energie 
Technologie (IKET) am KIT und des Instituto Tecnológico de Buenos Aires (ITBA). Die Versuche 
wurden mit einem alkalischem Hochdruck-Elektrolyseur mit einem Arbeitsdruck bis 180bar 
durchgeführt. Es wurde dabei das Verhalten einzelner Blasen untersucht. Der Fokus lag auf den typischen 
Durchmessern und der Aufstiegsgeschwindigkeiten der Wasserstoff- und Sauerstoffbläschen. Um die 
Produktion einer einzelnen Blase sicherzustellen, wurde eine neue Elektrode entworfen und ein neues 
elektrisches Pulssignal zur Stromversorgung verwandt. Die so erhaltenen Resultate wurden mit den 
Blasenschwarm Verhalten verglichen, wobei deutliche Unterschiede beobachtet wurden. 
  

Español 
 
A nivel mundial crece la participación de energía renovable en la matriz energética. Las tecnologías de 
almacenamiento de energía electrica serán cruciales en los futuros escenarios del sector energético. Estas 
tecnologías permiten regular la fluctuante generación de energía eléctrica generada a partir de fuentes re-
novables. Bajo el concepto “Power to gas”, se puede obtener hidrogeno con el excedente de energía pro-
veniente de estas fuentes de energía (p.ej. Energía solar y eólica). Por lo tanto, es imprescindible que las 
técnicas de almacenamiento sean cada vez más eficientes.  La generación de hidrogeno mediante electró-
lisis a alta presión se presenta como posible solución [1].  
 
En este trabajo de tesis que se realizó dentro del convenio de cooperación entre el Institut of Nuclear and 
Energy Technologies (IKET) y el Instituto Tecnológico de Buenos Aires (ITBA). Se realizaron experimen-
tos con un electrolizador experimental alcalino de alta presión, donde se aumentó la presión hasta los 



180bar. Se estudió el comportamiento de las burbujas de hidrógeno y oxígeno generadas de manera indivi-
dual. El foco fue puesto en el diámetro característico y la velocidad de ascenso las burbujas. Los resultados 
se compararon con el comportamiento que presentan multiples burbujas, donde se han observado claras 
diferencias. Para lograr obtener una generación singular de burbujas, se diseñó un nuevo electrodo y como 
fuente de energía se utilizó una señal eléctrica pulsante.  
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1 Introduction 
In Argentina, Law 27.191 establish that 8% of generated energy must be obtained from renewable sources 
by 2017 and 20% by 2025 [2]. In Germany, the Energiewende defines the consumption of energy that must 
come from renewable energy: 35% (2020), 50% (2030), 65% (2040), and 80% (2050) [3]. 
 
When the new energy sector scenario is analyzed, storage technologies plays a key role. These technologies 
can balance the energy generation from renewable, which are known to be characterized by their fluctuating 
behavior. Electrolyzers present a way of transforming electrical energy in the chemical bonds of hydrogen, 
under the concept known as "power-to-gas”. By electrolysis, water molecule is split in hydrogen and oxy-
gen, which are then stored. This energy can be again obtained by the reverse chemical reaction in a fuel 
cell or by combustion in a combustion engine. 
 
Besides the balancing of grid function, hydrogen is required as a product in the chemical industry and 
mobility sector. Actually, the worldwide production is around 600billion Nm³/year [1], amount that is being 
produced from hydrocarbons. Then, if hydrogen would be obtained by electrolysis supplied by renewable 
energies, the contribution to the reduction of CO₂ would be much more than considerable and the hydrogen 
CO₂ footprint would be reduced.  
 
Moreover, conventional electrolysis process can be improved; high-pressure electrolyzers compress the 
liquid in a previous step generating compressed hydrogen and oxygen. The compression of the water re-
quires less work than the compression of the gas from atmospheric pressure. However, the gas generation 
at high pressures presents some difficulties, like the increment of diffusive losses of the gases. Another 
problem is the proper transport of the bubbles through and separation from the electrolyte.   
 
In order to study and characterize the gas bubbles behavior at high pressure, the Institute for Nuclear and 
Energy Technologies (IKET) and the Instituto Tecnológico de Buenos Aires are cooperating on the project 
of an experimental high-pressure optical electrolyzer. In a previous work, Frey has shown their results 
regarding the size and rising velocity of the bubbles [4]. However, measurements were difficult to be taken 
due to the bubble swarm generation. 
 
In this master thesis single bubbles are studied, the differences between both behaviors, swarm and single 
bubble production, is analyzed.  
 

1.1 Objective  

The aim of this master thesis is to obtain experimental data from optical measurements in order to investi-
gate: 

 Bubble detachment diameter and its relation with the working pressure, range from ambient 
pressure up to 180bar.  

 The bubble rising velocity depending on the bubble diameter. 
 The lifetime of the bubbles at the free surface.  

These experiments were performed under different power supply input. The influence of different applied 
currents and voltages on the mentioned points is also part of these studies.  

Avoiding bubble swarm formation is other objective of this thesis; therefore, new electrodes had to be 
developed with reduced surface in comparison with previous models. 



In addition, a safety analysis was performed, focusing on the equipment operation, hydrogen production 
and its flammability limits, known and general safety rules and good conduct behavior while working in 
the laboratory.   

Finally, the analysis of the data, results and conclusions are presented in this document. 

1.2 Scope 

The master thesis includes the realizations of the experiments, data collection, analysis and interpretation 
of the results and conclusion. In this document, the whole work is described as well as the analysis and 
results with their respective conclusion.  

The experiments were performed with the high-pressure electrolyzer at IKET laboratory.   
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2 Theoretical Background 

2.1 Water Electrolysis  

The water electrolysis is an electrochemical process where an electrical current splits the water molecule 
into its components hydrogen and oxygen. Usually direct current is supply, however, other electrical sig-
nals, as pulses, can be applied. Thus, the electrolyzer transforms electrical energy into chemical energy 
stored in hydrogen and oxygen.  

Briefly, in order to produce a current circulation, voltage is applied on a pair of electrodes, with the anode 
positively charged and the cathode negatively charged.  To close the circuit, both electrodes are immersed 
into an electrolyte, which typically is acidic or caustic, contributing with a high concentration of ions 
( , ) to increase the conductivity. To ovoid the mixing of generated gases, electrodes are separated 
by a membrane, which is permeable to ions. Actually, membranes are also permeable to gases, especially 
to hydrogen because of its high diffusivity. Electrolysis has its invers process where chemical energy is 
converted into electrical energy. A fuel cell is used for this purpose, where the stored hydrogen and oxygen 
combine, forming water and producing electricity.  

Industrial electrolyzers are well established with operating temperatures between 70−90°C, cell voltage of 
1.85−2.05V and current densities of 2 to 3kA/m². The energy consumption is 4−4.5kWh/Nm³H₂, corre-
sponding to efficiencies of about 80%.  Under this conditions 2MW are required to generate approximately 
500Nm³ of hydrogen per hour, for instance. With regard to purity of the produced gases, 99.9% for hydro-
gen and 99.8% for oxygen is achieved [1]. 

2.1.1 Chemical and thermodynamic process 

For the investigations of high-pressure electrolysis, alkaline water electrolysis has been selected. Potassium 
hydroxide solution was used as electrolyte. The process is governed by the chemical equation (2.1), which 
shows the splitting of the molecule of water. The chemical reactions at the electrodes are presented as well 
in equations (2.2) for the cathode and (2.3) for the anode. 
 

 ( ) →  ( ) +  
1
2

 ( )         Δ ( , ) = 286 /        (2.1) 

 

2  ( ) + 2 →   ( ) +  2                                                        (2.2) 
  

2 →   ( ) +  ( ) + 2                                                         (2.3)  

 
The exothermal reaction (2.4) that gives water as a product, by means of combustion or a fuel cell e.g., can 
be characterized by the enthalpy of formation – , that by definition can be written as in equation (2.5), 
where −Δ  is the Gibbs energy and − Δ  is heat: 

( ) +  
1
2

 ( )  →   ( )                                                          (2.4) 



−Δ ( , ) =  −Δ ( , ) −  Δ ( , )                                                       (2.5) 

The Gibbs energy may be converted into electricity, while the losses associated with the entropy are con-
verted into heat. For the irreversible electrolysis, both energies have to be provided from electricity. Thus, 
the voltage needed is:  

=  
Δ ( , ) + Δ ( , )

= 1.48                                                    (2.7) 

Where  is the number of electrons, in this case they are two, and  the Faraday constant. As this functions 
are dependent on temperature and pressure the next step would be to analyze what happens with the elec-
trolysis when is performed under high pressures. 

2.1.2 High pressure electrolysis 

Electrolysis is a key process to obtain carbon-free hydrogen- Therefore, it is important to improve the elec-
trolyzer efficiency. Moreover, it is a necessity to improve not only the electrolysis stage, but also the whole 
process, as for example the gases capture and pressurization, then, the working pressure is a parameter to 
be taken into account. 

The increasing of the electrolyte pressure reduces the gas bubbles size. Therefore, the ohmic resistance, due 
to the attached bubbles at the electrodes, is reduced leading to a less power consumption [5].  

Moreover, K. Onda [6] has estimated the voltage electrolysis for different temperatures and pressures, bas-
ing his calculation on LeRoy et al work [7]. Basically, the needed voltage decreases with increasing tem-
peratures and increases with increasing pressures, however, the increase was found to be small for pressures 
above 20 . The higher efficiency is related to the included compression process. The production of 
hydrogen under high pressure requires less energy than its generation at ambient pressure and its later com-
pression. For pressurizing the system water is previously compressed, which requires less energy than the 
compression of a gas. As a result, the ideal pressure and temperature for water electrolysis were obtain, 
being 70  and 250°  correspondingly [6]. Table 2.1 shows the energy consumption by the pumps and 
compressors.  

Table 2.1: Change of hydrogen production by pressure. K.Onda, 2004 [6] 

 

 
Table 2.1 shows a short summary of the conclusions obtained by K. Onda, whom results showed that the 
power needed for the production of hydrogen under high pressure is approximately 5% less than the power 
required for atmospheric water electrolysis and later compression of the hydrogen. Compressor and pump 
efficiencies are assumed to be 50% [6]. 
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2.2 Bubble Behavior  

Studying the bubble behavior is of utmost importance because, and in agreement with Lubetkin [8], they 
influence the efficiency of the electrolysis process, which is not only of technical but also of economic 
interest. In order to gain efficiency, the resistance at the electrodes should be minimized. The electrolytic 
gas bubbles provide a major contribution to the resistance [9].  

Following Lubetkin work, bubbles have different stages in which are developed: Nucleation, growth, de-
tachment, rise and bursting [8]. Moreover, from these five stages, Zhang and Zeng mention the first three 
as the ones that strongly influence the resistance value , as they defined the residence time and diameter of 
the gas bubbles [9].  

The same three stages involved in the bubble formation are also mention by Sequeira [10]. In his words, a 
short description of the bubble formation process is described: “The physics of gas evolution proceeds 
through three phases: nucleation, growth and detachment. Bubbles start nucleating at electrode surface 
from solution once the solution becomes highly supersaturated with produced gas. Subsequently, bubbles 
grow by dissolved gas diffusion to their surface or by coalescence with other bubbles, and finally detach 
from the electrode when the forces pulling them away overcome the surface forces binding them”. 

2.2.1 Nucleation 

As it was mentioned before, and following Sequeira [10], after short time the electrolyte close at the elec-
trode will be supersaturated of gas. As hydrogen is barely soluble, just a current density of a few miliam-
peres per square centimeters is needed to supersaturate the liquid. When the concentration of the dissolved 
gases exceed a critical point, bubbles start to nucleate. The classical nucleation theory defines the critical 
radius, which determines if the vapor nuclei would grow or decay depending on whether the bubble nucleus 
is higher or smaller than the critical radius value. At this point, the bubble is in a chemical and mechanical 
metastable equilibrium with the surroundings. The key points of the nucleation theory are the expressions 
that define the critical bubble nucleus size and the nucleation frequency [10]. Equation 2.8 shows the ex-
pression for the critical radius obtained by Ward [11]:    

 

                         (2.8) 

 
    

Where  is the vapor pressure of solvent at the temperature of the liquid;  is the external pressure in the 
liquid; and  are the vapor phase activity coefficients of the solvent and solute;  is the concentration 
of the gas in the solution surrounding the bubble, expressed as moles of solute per mole of solvent;  is 
the equilibrium concentration of the gas in the solvent when a flat surface of the solvent is exposed to the 

gas only at ’ and ’, expressed as moles of solute per mole of solvent;  is the surface tension of the liquid–

gas interface often assumed equal to the surface tension of the liquid vapor interface. 

 is defined as: 
 

     (2.9) 

 



Where  is the specific volume of the pure solvent. The nucleation rate  ( / ³)⁻¹, is also derived from 
the nucleation theory. Lubetkin provides the following definition [12]:   

= exp
−

                                                                   (2.10) 

 
Where C is a constant known as the frequency factor,  the free energy needed to be overcome,  the 
Boltzman constant and  the temperature. 

2.2.2 Growth 

At this stage, bubbles increase their size due to diffusion of gas towards the gas – liquid interface and 
coalescence of bubbles. Sides [13] gives a description of the process, which first presents coalescence of 
bubbles, followed by diffusion. The growth of the bubble, which depends on how rapidly diffusion occurs 
across the interface, can be characterized by the time dependence of the radius. Scrivens [14] derived an 
expression for single bubbles radius showed in equation (2.11):  

( ) = 2 ( ) /                                                                     (2.11) 

Where  is a constant which depends on the supersaturation conditions.  

2.2.3 Detachment  

At this stage, bubbles detach from electrode surface. This happens once the surface adhesive forces, de-
pending on the bubble contact angles, no longer retrain them [15]. Following Zhang analysis, forces are 
arranged in the x and y direction, their balance will determine if the bubble stays attached to the electrode. 
The forces that come into play are the buoyancy, , due to the density differences between the liquid and 
the gas; the expansion force, , due the growth of the bubble its pressure experiences a dynamic change; 
the surface tension force, , acting along the circular contact area where the gas, liquid and solid phases 
are in contact with each other and the drag force, , due to the interaction of the bubble in a viscous 
medium [9]. Figure 2.1 shows the forces acting on a bubble.  
 

 

Figure 2.1: Acting forces on a bubble attached to a horizontal electrode. Zhang, 2012. [9] 

 
Moreover, and in concordance with Zhang, Lubetkin [8] presents the same forces and mentions two more 
that may be included, as in this case bubbles are generated by electrolysis. This forces are the Marangoni 
force, , resulting from a gradient of the surface tension, and the electrostatic interaction force, , be-
tween the bubble and the solid surface of the electrode. The Marangoni effect will always try to retain the 
bubble, helping to increase the bubble diameter at the detachment, while the electrostatic force may either 
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reduce or increase the detachment diameter, depending on if the bubble shares the charge, or has the oppo-
site, of the electrode correspondingly. This forces may have influence at the rising stage, when the bubble 
is still in the nearby of the electrode.  

Finally, the bubble detaches when the equilibrium is broken, the diameter of the detached bubble that is 
measured, is considered to be the same as detached diameter at the moment where the disequilibrium oc-
curs. Moreover, the orientation and shape of the electrodes are consider to have an effect on the bubble size 
[16], as this parameters influence the acting forces. 

2.2.4 Rise  

At this stage, the bubble rises with a certain velocity though the electrolyte solution until it reaches the free 
surface. This behavior can be understood by applying the Navier-Stokes equation (2.12). Furthermore, the 
Stokes law, which predicts a limit velocity, is one of the possible solution (2.13).   
 

=  −  +                                                                  (2.12) 

 
 =  2 ∆ 9⁄                                                                        (2.13) 

Where  is the pressure, ∆  is the density difference between the liquid and gaseous phases,  is the diam-
eter of a spherical bubble of equivalent volume,  is the dynamic viscosity of the liquid and  is the accel-
eration of gravity. The main hypothesis is that the bubble is a solid sphere and it does not change its size 
during the rising, what was comply in these studies. 

In addition, the bubble accelerates from the electrode until it reaches the terminal velocity. At the beginning 
of the rising, bubble may be affected also by the already mentioned Marangoni effect and the electrostatic 
force, as they influence the bubble in the vicinity of electrode [8]. After analyzing the images, acceleration 
effect on the bubble was detected.  

2.2.5 Bursting 

Bursting is the last stage of the process, here the bubble reaches the liquid free surface staying some time 
at this point, foam can be generated. Then, the bubble passes through the free surface into the gas phase. 
Figure 2.2 shows the scheme of the process and the internal pressures of the bubble and soap bubble.  

 

Figure 2.2: Bursting of a bubble and its excess pressure. S.D. Lubetkin, 1995 [8]. 



To have an entire overview, in an industrial electrolyzer,  and   are then captured in phase separators. 
In the optical electrolyzer experiment, however, the bursting bubbles release the respective gases into the 
nitrogen filled layer above the electrolyte surface. The gases will mix and then released through an exhaust 
pipe. 
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3 Electrolyzer 
This section describes the high-pressure electrolyzer and which set up was used for the experiments. For 
this master thesis, the original equipment set up, as used previously [4], was modified in order to produce 
single bubbles and comply with the safety measurements. First, a brief explanation of the original configu-
ration will be presented, followed by the description of the modifications.  

3.1 Original configuration 

The whole electrolyzer device is integrated by the optical electrolyzer, the KOH filling/draining circuit and 
the pressurizing gas feeding/exhaust circuit.  
 
 

  
 

Figure 3.1: High-pressure electrolyzer scheme. Frey. [4] 

 
The optical electrolyzer consists of a cylinder with two glass windows, which give the possibility to take 
optical measurements while the electrolysis process is ongoing.  
 

 
 

Figure 3.2: Optical Chamber 



The vessel provides eight access, which are used for different purposes: 
 

 Two for placing the electrodes.  
 One for filling/draining the chamber with the alkaline solution. 
 One for feeding/exhausting the chamber with nitrogen/gases.    
 Four are for the recirculation pumps. 

 
The electrolyzer chamber is designed for working up to pressures of 450bar. The device has two configu-
rations, with the first one, pressure can be increased up to 200bar, while the second configuration allows a 
maximum pressure of 450bar. For this series of experiments, only the first configuration is used. Despite 
the modifications, both configurations were maintained.   
 
Electrodes are exchangeable in order to have different shapes and sizes. For this master thesis, new elec-
trodes have been designed (see chapter 3.2.1).   
 
Nitrogen is contained in a high-pressure bottle and fed in through the passing valve, which links the tube 
with the optical electrolyzer. A pressure gauge measures the total pressure of the system; also, a relief valve 
is installed, which actuates at the limit pressure of 210bar for configuration one and 500bar for configura-
tion 2.   
 
The hydraulic tank and the manual pump are used to increase the pressure above 200bar. The manual pump 
is connected to the hydraulic tank, which is connected to optical chamber. The tank has two separated 
circuits. The first one is filled with the electrolyte and connected to the electrolyzer chamber. The second 
circuit is filled with oil and connected to the manual pump. A piston inside this tank separates both liquids. 
 
To go into more details about the electrolyzer construction and mechanical characteristics previous works 
are available, this topic is not presented here as is it not the focus of this master thesis.  
 
 
 

 
 

Figure 3.3: High-pressure electrolyzer – Original configuration. 
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3.2 New configuration and new electrodes  

With the purpose of generating single bubbles and making possible a more accurate acquisition of the op-
tical measurements, a modification of the electrolyzer and new electrodes have been developed and imple-
mented in the frame of this master thesis. .   

3.2.1 New Electrodes 

As it was mentioned, the aim was to produce single bubbles; therefore, the design follows this objective. 
Moreover, the position where the new electrodes are inserted has been changed from the previous place in 
the original configuration. Now the electrodes are inserted from the bottom and not from the side position.  

For the new electrodes, wires of 0.05mm were coated with glass and their tips were polished so to get a 
smooth surface. The polished surface makes possible to take an accurate measurement of the wire cross 
section area.  

 

 

Figure 3.4: New glass coated wire electrodes. 
 

To make possible the arrangement of the new electrode into the optical chamber, the glass coated wires 
were inserted into metal tubes, which are coupled to a connector. With this connector the electrode may be 
mounted at one of the access ports of the electrolyzer vessel. The wire passing along the metal tube is 
electrically insulated. The electrical connection to the power source is realized at the opposite end of the 
wire, which is outside the metal tube. Construction details are presented in Appendix B. 

 

 

Figure 3.5: New electrode. Finished model. 



3.2.2 New Electrolyzer set up 

To make proper use of the new electrode design and optimize the single bubbles generation, a modification 
of the electrolyzer has been developed. Referring to the access points, labelled from 1 to 8, the original 
configuration is: 1 for the pressurizing gas feeding/exhaust; 2, 4, 6 and 8 for the recirculation pumps; 3 and 
4 for the electrodes and 5 for the alkaline solution filling/draining. 
  

          

Figure 3.6: Optical chamber inputs, old configuration. 
1: Gas feeding/exhaust - 2: Recirculation pump 1 outlet - 3: Electrode - 4: Recirculation pump 1 inlet 

5: Solution filling/draining - 6: Recirculation pump 2 inlet - 7: Electrode - 8: Recirculation pump 2 outlet 

For the new configuration, the electrodes pair is composed of one new glass electrode and one electrode of 
the previous design [4]. The glass electrode is fixed from the bottom, at position 5, providing a horizontal 
position of the electrode surface. The electrode with previous design maintains its position, connection 7.   

 

Figure 3.7: Optical chamber, electrodes new configuration. 
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As forced flow was not used, pumps are removed and so at position 2, 4, 6 and 8 plugs are connected. The 
solution is now filled through orifice at position 2.  Position 1 remains the same with the purpose of feed-
ing/exhausting the gas. The new configuration is shown in figures 4.7, 4.8 and 4.9.  
 
 

 

Figure 3.8: Optical chamber inputs, new configuration. 

3: Plug - 4: draining - 5: Glassed electrode 

 

 

 

Figure 3.9: Electrolyzer Scheme, new configuration. 

5 

4 
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In order to test the new configuration and the new electrode at position 5, measurements were taken at 
atmospheric pressure.  

 

 

Figure 3.10: New electrode for single bubble generation with pulsed signal. 

 

In Figure 4.10, bubbles production using the glass coated electrode at atmospheric pressure, with pulsed 
square signal of 1.8V amplitude, 10ms time pulse and 210ms period.  

Qualitatively good results are achieved with this design. Single bubbles instead of bubble swarms may be 
investigated with the new set-up.  

In the next section the auxiliary equipment and devises will be presented and described, and afterwards, in 
chapter 5 the safety analysis will be introduced. 
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4 Equipment 
This section describes several auxiliary devices used for the operation of the experiments. Especially the 
optical electrolyzer, the power supply, optical measurements and data acquisition equipment were needed. 
For the current set-up, the following devices were used: 

    High-pressure optical electrolyzer. 

 Electrical source: Measurement Card - LabVIEW 
 Double-pulsing-Nd:YAG Laser. 
 CCD-Camera. Resolution of 1280 x 1024 Pixel. 
 Computer: Coral II duo, 2Ghz, 3GB ROM. 

4.1 Electrolyzer 

Electrolysis is performed in the experimental optical high-pressure electrolyzer, which was developed at 
ITBA and set up at IKET. The electrolyzer was already tested and used in the previous work from Frey [4]. 
The devise has been already described in section 3 as well as the modifications that were introduced during 
this master thesis. In appendix A, the electrolyzer manual.  

4.2 Power Supply 

A measurement card, which was controlled by LabVIEW Software, was used as electrical supply. The card 
can supply up to 10 Volts with different waveforms and it was use as well for taking voltage measurements. 
Introducing different voltages profiles had a strong positive influence on the single bubble formation.  

The output square voltage signal and the measurements were controlled and display by LabVIEW. The 
current that circulates through the electrolyzer was calculated by measuring voltage on an intermediate 
resistance connected in between the source and the electrodes. With both values, voltage and resistance, 
current is calculated following equation (3.1), were I is the current, Vres is the voltage at the resistance and 
R the resistance value. In addition, voltage at the electrolyzer is calculated by taking a mesh over the circuit 
(3.2), for this case Vel is the voltage at the electrolyzer and Vps is the voltage of the pulsed signal. Figure 
3.1 shows the electrical circuit. 

 

                                        
= /                                                      (3.1) 

                    

   = −                                         (3.2) 

                                    
 
 
 

                        
 

                       Figure 4.1: Electrical Circuit. 



Equations (3.1) and (3.2) are valid for direct current, what could not be applied in this case as the pulse is 
dependent on time, however, as the generation of hydrogen is instantaneous, it was supposed that D.C. is 
being applied when the pulse is active.  

By knowing the current, generated amounts of hydrogen and oxygen per unit of time can be calculated, 
what is possible using equations (3.3) and (3.4) presented by Shen [17], were  is the moles per unit of 
time produced,  is the current density,  is the electrode surface, and  the Faraday’s constant.  

=
 

4 
                                                                           (3.3) 

=
 

2 
                                                                           (3.4) 

For the risk assessment it is important know how much hydrogen and oxygen is produced in order to avoid 
combustion or even detonation in the electrolysis cell. This issue will be treated in the safety related section.    

4.3 Optical equipment 

In order to take optical measurements, the laser Double-pulsing-Nd:YAG and the CCD-Camera, coupled 
with a microscope, were used. Both devises are connected to the lab computer and controlled with DAVIS 
7.2 software, which manage the triggering of the laser, the acquisition of the images by the camera and the 
storage of the data.  

4.3.1 Laser 

For illuminating the bubbles, a double-pulsing-Nd:YAG laser, with wavelength of 532 , is combined 
with a diffuser. The double pulsating function of the laser gives the possibility of takin two consecutive 
pictures with minimum time delay. This function is used to calculate velocities of the particles. The diffuser 
ensures a homogeneous illumination inside the vessel, then, bubbles in the observation range are all equally 
illuminated. In this case the high efficiency diffuser is used, which has a dye plate. The diffuser diameter 
can be adjusted, corresponding to an illumination area, following equation (3.5), given in the user manual 
[18], the diameter of this area is calculated.  

 

 

 

 

 

 

 

 

Figure 4.2: Optical beam path scheme. LaVision, 2016 [18]. 
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=  
 

                                                                             (3.5) 

Where  is the diameter of the illumination area (diffuser plate),  is the distance from the diffuser to the 
focus,  is the microscope’s diameter and  the distance between the microscope and the focus. In this 

case,  has a value of approx. 19.5mm.  

4.3.2 Camera  

The applied CCD-Camera (Charge Coupled Device) has resolution of 1280 x 1024  (FlowMaster 3S, 
LaVision). The resolution of the camera is of 2.5 / , and its observation window is 3.17  per 
2.52 , wide and high correspondingly. Images captured by the camera can be instantaneously displayed 
at the computers monitor.  

4.3.3 Microscope 

The Questar QM1 long distance microscope is coupled to the camera. As is it mentioned in the product 
manual, the microscope is recommended for detecting particles in the range of 5µm to 500µm, and has 
working distances in between 560mm and 1520mm [18].  

4.3.4 Calibration 

Before taking any measurement, devises were calibrated. The focus of the microscope was set at a distance 
of 575mm, where the tip of the electrode was reached. The laser was placed 100mm from the focus. Fol-
lowing the instructions of the user manual, the pictures size was calibrate. A scaling plate was used, an 
image of it was taken, and then displayed at the software interface. Calibration was done using this images 
and the specific software tool. Finally, the scale is set, and the following taken images maintain this con-
figuration.  

  

Figure 4.3: Taken Image of the scaling plate. 

 



4.3.5 Taking Images 

Images of the bubbles can be taken since the electrolyzer has two glassed windows, making it possible to 
look at the inside. Electrolyzer, laser and camera are arranged in the same horizontal axis, the laser is placed 
directly pointing to one of the glassed windows, and then the camera captures the pictures through the 
opposite one. Position of the laser and camera can be adjusted in both horizontal and vertical position, 
giving the possibility of a better resolution.   

 
 

Figure 4.4: Electrolyzer, laser and camera scheme. F. Frey, 2016 [4].  

The software controls and triggers the laser and the camera. Images are stored also by the software, then 
they are extracted and analyzed. Images are taken with a frequency of 2Hz, the laser has two cameras, what 
making possible to take two consecutive images with a time delay of 11000μs. Therefore, for 200 camera 
shots, 400 images will be adquired, 100 seconds are needed per sample. Figure 3.5 shows both consecutive 
pictures. 
 
 

 
 

Figure 4.5: Consecutive images taken by laser cameras 1 and 2 with a time delay of 11000μs. 
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5 Safety Analysis 
In order to provide a safe working environment with the electrolyzer experiments, a safety analysis has been perform 
at the beginning of the master thesis. The main objective was to generate a hazard assessment. And intrinsically safe 
operational instructions for the experiments. IKET personnel provided the template for the risk assessment, which is 
found in Appendix C. All the hazards were listed taken into account personnel and equipment safety. The main detected 
hazards were: 

 KOH solution handling  
 

 High working pressures 
 

 Hydrogen and oxygen generation in closed vessel.  

Consequences which came out from the safety analysis, affected cleaning and maintenance, modification of the equip-
ment, physical protection measurements and analysis of the hydrogen production. 
 

5.1 Potassium Hydroxide Solution 

Potassium hydroxide solution is known as a strong base. All the safety measurements related to its handling are given 
in the corresponded data sheets, which can be found in Appendix D. The final deposition of the solution follows the 
“General safety regulations - KIT Campus North” [19]. 

5.2 Cleaning and Maintenance 

It has been noticed that remains of electrolyte reacted with the electrolyzer surface. White powder was found over 
exterior surface, mainly in one of the electrodes orifice, on the solution valve and inside the optical chamber.  

 

                                                               

(a)                                                      (b)                                                   (c) 

Figure 5.1: Electrolyzer surface - (a) Hole for electrode. (b), (c) Solution Valve. 

 



                      
                                      (d)                                                 (e)                                                  (f) 

Figure 5.2: Optical chamber – (d) Lens. (e), (f) Vasel interior. 

 

For the electrolyzer cleaning, a series of instructions was suggested by ITBA in order to clean appropriately the exterior 
and interior of the equipment. Is important to clean the equipment, also tubes, plugs and electrodes after performing 
the experiments to avoid the incrustation formation. In Appendix E can be found more detailed information about the 
cleaning procedure. Figure 5.3 shows the electrolyzer after the cleaning. 

 

       

                                                 (a)                                                                                  (b) 

Figure 5.3: Electrolyzer after being cleaned – (a) Device. (b) Optical chamber 

 

 

 



33 

5.3 Modifications 

In order to increase the safety of the equipment operations, some modification were proposed and implemented (see 
Appendix E).  

5.3.1 Container 

A container was designed in order to give mechanical protection while working with high pressures and contain any 
KOH solution leakage. The drawing of the container is found in Appendix B.  

 

Figure 5.4: Metal sheet container. 

5.3.2 Gas Valve 

As shown Figure 5.5 the pressure gauge and valves are now outside the electrolyzer panel, this modification was 
introduced due to the safety analysis. The main idea is to have a separation wall between the optical chamber, which 
is pressurized, and the manual valve.   

 
 

Figure 5.5: Optical chamber, pressure valves and gauge – New connection. 
 



5.3.3 Exhaust Valve 

The exhaust valve has a plastic tube, as KOH solution can be contained in the exhaust gases, is it propose to use canister 
were the solution droplets can be deposit in case some of them came out with the gases.  

5.4 Hydrogen Production 

An important issue for the safety analysis was the hydrogen and oxygen production and the possibility of their reaction, 
since the gases are being produced at the same time, at stoichiometric concentrations, mixed into the nitrogen phase at 
high pressure and inside the closed vessel. Therefore, the inventory has to be controlled.  

The aim is to know how much time the electrolysis can be run before hydrogen concentrations reach the lower flam-
mability limit. From [Kumar 1985] it can be shown that in nitrogen diluted  -  mixtures the flammability limit is 
reached with 4% of . 

In order to obtain the operation time, two different simulations were done, which are presented in appendix F. Here, a 
brief calculation is presented in order to show that the operational time was long enough to take a round of measure-
ments. This are the parameters and assumptions that were taken into account:  

 Atmospheric pressure 

  Lower Flammability limit: 4% nitrogen, accompanied with 2%  

 0.2 Liters of  volume inside the vessel.  

 4 – 4.5 kWh/Nm³  efficiency of the electrolysis.  

 Power calculation: =  

 Maximum power input: 3.8 = 1.9 ∗ 2  

The production of hydrogen is calculated taken into account the power input and the energy consumption, then the 
time is estimated by knowing until which point the hydrogen production reaches the 4% of volume in the 0.2 liters.  
As result, the maximum operational time for the electrolysis cell without purging is approximately of 9 hours.  
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6 Experimental Measurements and 
Parameters 

In this section, the actual measurements are presented. Also the parameters that defined the conditions under which 
the optical measurements were taken.   

6.1 Experimental Set-Up 

Before starting the experiments, preparation of the device and safety measurement were observed. A checklist is pro-
vided in order complete the procedure correctly. The checklist can be found in the safety analysis, which is attached 
in Appendix C, also the manuals are found in. The procedure follows the following steps:  

 Electrolyzer power supply, optical equipment and computer are checked, turned on respectively.  
 Data acquisition is tested. 
 Electrolyzer filled with KOH solution and pressurized with nitrogen. 
 Power supply is turned on. 
 Measurements are taken and saved in the computer.  
 Electrical source and optical equipment are turned off. 

 

 

Figure 6.1: Experimental Set up. 

 

 

 



6.2 Parameters 

Power supply and pressure were the main input parameters that, in the present experiments, determination the bubble 
formation. In Appendix G, a table can be found with the different measurement that were performed. The potassium 
hydroxide solution concentration is also a variable to take into account, however, for this round of experiments the 
concentration was maintained constant (see below).  

6.2.1 Power Supply 

The use of square signal gave the possibility of characterizing the power input signal with more detail. Voltage ampli-
tude, time of the pulse and period are the main characteristics. For the same working pressures, different power input 
was used by varying the mentioned parameters. A relationship between the bubble size and power input could be 
observed.   

6.2.2 Working Pressures 

In the experiments the applied working pressures has been varied between 1bar and 180bar. The actual pressure level 
at which the measurements were taken were: 1bar, 20 bar, 40bar, 60bar, 80bar, 140bar, 180bar.  

6.2.3 Potassium Hydroxide Solution 

For all the performed experiments, potassium hydroxide was used as electrolyte. Its concentration was always main-
tained at 23.5% .  

 

6.3 Optical measurements 

Moreover, optical measurements were taken, the resulting images were then processed with an image software ana-
lyzer. From the analysis of the images, bubble size, rising velocity and time life of the bubbles at the free surface are 
obtained, and as the working pressure and power input are known, all this variables can be related.   

6.3.1 Images 

Images are acquired and saved, then processed and analyzed. The pictures are saved with JPG extension and have 1360 
x 1070 pixels, at the frame of the image the scale in millimeter is shown, giving the possibility of calibrating the image 
with the software analyzer IMAGE J.  

6.3.2 Processing the images 

The first step to process the images was to set and scale. A linear object, set by IMGAE J, is defined and measured on 
the image scale bar, giving as result the relation of pixels per millimeters, which result in 392 pixels/mm, therefore, 
the real recorded size was 3.47 x 2.73 mm corresponding to 1360 x 1070 pixels. 
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Figure 6.2: Liner object at image scale bar. 

Secondly, the black/white threshold has to be applied. IMAGE J gives the possibility of, manually or automatically, 
adjust the image threshold in order to detect the bubbles and analyze them. The threshold defines a range, in between 
0 (black) and 255 (white), in order to separate the objects of interest from the background. Pixels with values under 
the threshold are converted to black and, on the other way around, pixels with values above the threshold are converted 
to white. With this function, bubbles could be clearly separated and easily identified in the particle analysis tool [22].  

 

 

Figure 6.3: IMAGE J threshold interface. 

 

                                  
                                       (a)                                          C 

Figure 6.4: Image processing - (a) Image taken by the camera, (b) image after applying the threshold; (c) Detected bubbles after 
using the particle analyzer tool. 

 



6.3.3 Analyzing the images 

Bubbles were analyzed with the analyze particle tool, which detects the particles previously defined by the threshold. 
Bubbles are detected and measured automatically. Finally, a table displays different variables characterizing the bub-
bles. The displayed variables can be defined by the user according to what is needed to be analyzed, in this case, 
position in x- and y-axis, their area, perimeter, wide, high and shape characteristics of each bubble was obtained. 

 

Figure 6.5: Results of analyzed particles by IMAGE J. 

IMAGE J has the option of programing routines with MACROS, automating the application of the threshold and the 
analysis of the particles for each image. To define the correct threshold, bubbles diameters were first manually meas-
ured with other function provided by IMAGE J, then the range of the threshold was defined in order to obtain the same 
results as with the manual analysis. Ranges from 0 to 195 and 45 to 245 were applied.  

Finally, after the particle analysis, the MACROS routine saves the measurements as an Excel file. 

In order to process the information and automatized the measurement of the bubble diameter and the calculation of 
their rising velocities, an Excel MACRO was programmed. In the case of the residence time at the free surface, no 
automatized routines could be applied.   

Basically the Excel MACROS collects into one Excel Sheet all the information that was obtained from the IMAGE J’s 
MACROS. Then, the information is processed in order to obtain results. Different filters and routines were applied.   

Finally, the Excel sheet displays different graphs and statistical values referring to the actual case. The results will be 
presented in the following section.   

6.3.3.1 Bubble size   

Bubble size was determined by analyzing the information obtained from the image software analyzer. In this case only 
the output data from camera 1 was processed, as the corresponded photo from the second camera is not adding any 
new information to the analysis. 

In order to obtain the bubble size distribution, the Excel sheet applies first four filters with the objective of detecting 
if the information that is being analyzed belongs to a bubble or some other particle, like dirt. Regarding the output 
variables from IMAGE J, the filters use the area, perimeter, wide, height and shape characteristics.  

Finally, statistical functions are applied to previously filtered information, graphs and statistics variables, are presented 
as results.  

The bubble size distribution was obtained for different working pressures and different electrical input signals. Thus 
it, was possible to characterize the bubbles size in relation with both mentioned variables.  
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6.3.3.2 Rising velocity 

For calculating the rising velocity the corresponding pair of images from camera one and two were processed. After 
processing the images, the difference in the vertical position of each bubble was obtained. As the time laps between 
the displacements is known to be11000 , the velocity is easily calculated via. 
  

=  
1 − 2

11000 
                                                                             (6.1) 

 

As in the case of the bubbles size, same filters are applied for detecting the bubbles information. The difficulty here is 
to make sure that the information from the different cameras correspond to the same bubble. In order to make this 
possible, the program has a second stage where the information from both cameras is compared. After the information 
is checked, meanly by comparing bubbles wide, height and x-axis position, equation (6.1) is applied.  

Finally a distribution of the rising velocity is obtained. The single bubble generation made easier to perform the velocity 
analysis. Statistics are also performed, graphs and variables are generated within the Excel sheet.   

 

6.3.3.3 Life time at free surface 

In this case, only observation were done in order to characterize the relationship between the bubble diameter and how 
much time the bubble stays at the free surface. For this purpose, a vertical configuration of the electrolyzer vessel was 
used. Images from the plain view of the free surface were taken and further analyzed.  

 

 

Figure 6.6: Vertical configuration 

 



6.4 Error 

The image software analyzer introduces some error, although the applied threshold was tested in order to obtain the 
same bubble diameters as other method also provided by IMAGE J. All these are functions of IMAGE J, and there is 
no comparison with other software. A consequence of the applied threshold, the bubble might be not well represented, 
giving as a result different values of diameters for the same bubble. This error was estimated to be ±3 . This error 
was introduced in the calculation of the rising velocity, which resulted in an estimation of about ±0.27 / . 

Moreover, the position of camera 1 and camera 2 can introduce some error. They present a slight displacement, this 
means that the electrode surface is not always at the same point of the vertical scale. However, this correction was 
done.  

Finally, in the case of pressure, the pressure gauge and depressurization can influence the measurements. A stochastic 
error of 5% was assumed for the pressure measurements. This value was taken from the sensor specification.   
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7 Results 
In this section, the results are presented, graphs and tables are shown as summaries. The results are organized in dif-
ferent sections highlighting the bubbles size, rising velocity and lifetime at free surface. In each of these sections, 
differentiation between atmospheric and high pressure is done. 

7.1 Bubbles size 

The bubble diameter was characterize by the arithmetic mean, mode (an interesting point was to see which was the 
most repeated diameter value) and standard deviation, for each case, a histogram is presented. The histogram shows 
frequency of distribution at a constant pressure and power supply signal.  

With respect to Figures (7.1), showed above, and all the following histograms, the blue columns represent the how 
many bubbles are included in a certain diameter range of diameter. The orange line accumulates number of detected 
bubbles.  

7.1.1 Atmospheric pressure 

For this case most measurements were taken as bubbles were clearly detected. The voltage range was from 1,5V to 
1,9V in steps of 0,1V. The pulse time and period vary for the different amplitudes. In Appendix G, the measurement 
plan and signal characterization is presented. 

7.1.1.1 Hydrogen  

First, the correspondent histograms from 1,5V to 1,9V are shown. Statistical values are presented at the end in a sum-
mary table.  

 

 

Figure 7.1: H₂ diameter distribution – 1.5 Volts, Period 450ms, Pulse time 50ms – 1 bar 

 



 
 

Figure 7.2: H₂ diameter distribution – 1.6 Volts, Period 510ms, Pulse time 10ms – 1 bar 

 

 
 

Figure 7.3: H₂ diameter distribution – 1.7 Volts, Period 210ms, Pulse time 10ms – 1 bar 

For 1,7V the pulse period was shorter in order to approximate to a bubble swarm behavior. The corresponding results 
have shown differences in comparison with the other applied voltages at atmospheric pressure. The results are pre-
sented in the following paragraphs.  

 

Figure 7.4: H₂ diameter distribution – 1.8 Volts, Period 510ms, Pulse time 10ms – 1 bar 
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Figure 7.5: H₂ diameter distribution – 1.9 Volts, Period 710ms, Pulse time 10ms – 1 bar 

In table 7.1 a summary of the results is presented, where the signal parameters, diameter’s mean and mode and STD 
are indicated.  

Table 7.1: Summary of the hydrogen bubbles diameter results at 1bar. 

Hydrogen - 1 bar 

Volt. [V] Pulse t [ms] T [ms] Mean [µm] Mode [µm] STD 

1.5 50 450 59.7 64 13.87 

1.6 10 510 37.52 56 14.74 
1.7 10 210 68.69 74 12.92 

1.8 10 510 60.11 37 22.05 
1.9 10 710 54.5 36 22.88 

 
 
By giving a first look at the results in table 7.1, simple conclusions do not seems to straight forward. In the case of 
1,5V, the mean and mode are near to each other, also in the case of 1,7V, what shows that the bubbles diameters are 
mostly around the mean and mode values, and few amount of bubble are outside this range.  

However, for 1,6V, and especially for 1,8V and 1,9V, the differences seem quite important. This can be see with the 
standard deviation value, which values are higher. To have a better understanding of what is happening, images were 
analyze with more detail. Until now, there was no hypothesis relating the current pulse and the bubble formation. The 
first hypothesis could be that one pulse produces exactly one detached bubble. Alternatively one can assume that one 
pulse produces multiple detached bubbles. Finally, it may happened that more than one pulse is need it to generate one 
detached bubble. Knowing the period of the pulsed signal and that the laser frequency is 2Hz, was possible to detect 
how many pulses between photos were supply to the electrode.  

 

 



        
                                         (a)                            (b)                                           (c)                  (d) 

Figure 7.6: Analysis of the images, reference and new bubbles in consecutive pictures - (a) and (b) for 1,5V; (c) and (d) for 1,8V. 
 

Figure 7.6 shows cases for 1,5V and 1,8V as an example of analysis. Then, for each case one hypothesis was generalize. 
In the case of 1,5V and 1,7V, one pulse generates one bubble, for 1,6V, 1,8V and 1,9V one pulse generates more than 
one bubble. For the last cases, the volumes of the bubbles generated by one pulse was measured from the images and 
summed up, with the total volume the ideal diameter, , was calculated. This variable represents the diameter that 
would have one single bubble produces by one pulse. In table 7.2 results are shown.  

Table 7.2: Single bubble production per pulse. 

Hydrogen - 1bar 

V [V] I [mA] P [mW]  [µm] Vol [m³] n [mol] 

1.5 0.020 0.03 61 1.19E-13 5.30E-12 
1.6 0.123 0.20 64 1.43E-13 6.36E-12 

1.70 0.183 0.31 75 2.1E-13 9.46E-12 
1.80 0.331 0.59 91 3.84E-13 1.71E-11 
1.9 0.416 0.79 98 4.84E-13 2.16E-11 

 
 
Table 7.2 shows the applied voltage, current, power, ideal diameter, the volume and the generated hydrogen moles. As 
the volume is known, even when more multiple bubble were measured, as well as the ambient conditions, the number 
of produced moles was calculated. Then, using equation (3.3), the current could be obtain, and assuming that in the 
short period of the pulse equation (7.1) can be used, the power was calculated. Thus, was possible to characterize the 
ideal diameter as function of the voltage, what is shown in figure 7.6.  

=                                                                                   (7.1) 
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Figure 7.7: Single hydrogen bubble diameter per pulse vs. applied voltage 

To sum up, it was observed that the input signal influences the bubble size. For the same pressure, different diameters 
were obtained for different voltages. As a second conclusion, for lower voltages, one pulse produce one bubble. More 
than one bubble of different sizes are generated at higher voltages giving a wider distribution of diameters values. The 
ideal diameters value is included in the distribution as the upper limit.  

Moreover, 1,5V is applied during relatively long 50ms, what may have an influence on the ideal diameter. If this 
voltage would be only maintained for10ms, less hydrogen will be produced and so the diameter would be smaller. 
Making a linear projection takin into account values from 1,6V to 1,9V, equation (7.1) for the ideal diameter may be 
obtained. 

=
110
/

− 111.5                                                                      (7.1) 

Following the projection, the ideal diameter for 1,5V during 10ms is 53.5μm. 

7.1.1.2 Oxygen 

The same analysis is done for oxygen bubbles.  

 

Figure 7.8:O₂ diameter distribution – 1.5 Volts, Period 450ms, Pulse time 50ms – 1 bar 



 

Figure 7.9: O₂ diameter distribution – 1.6 Volts, Period 510ms, Pulse time10ms – 1 bar. 

 

 

Figure 7.10: O₂ diameter distribution – 1.7 Volts, Period 210ms, Pulse time 10ms – 1 bar. 

 

 

Figure 7.11: O₂ diameter distribution – 1.8 Volts, Period 510ms, Pulse time 10ms – 1 bar. 
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Figure 7.12: O₂ diameter distribution – 1.9 Volts, Period 710ms, Pulse time 10ms – 1 bar. 

 
As in the case of hydrogen bubbles, the same analysis was made for oxygen, table 7.3 shows the summery of the 
results. 
 

Table 7.3: Summary of the oxygen bubbles diameter results at 1bar. 

 Oxygen - 1bar 

Volt. [V] Pulse t [ms] T [ms] Mean [µm] Mode [µm] STD 

1.5 50 450 83.9 79 8.14 
1.6 10 510 54.3 54 1.37 
1.7 10 210 100.87 102 7.44 
1.8 10 510 59.02 59 1.78 

1.9 10 710 63.1 61 1.85 
 

 
Table 7.3 shows that the sizes of the oxygen bubbles present a narrowed distribution; this can also be seen in the 
histograms. Furthermore, the images were also analyzed in order to understand the relationship between the current 
pulses and the bubble formation.  

For the oxygen case, pulses of 1,5V, 1,6V, 1,8V and 1,9V generate one single bubbles. Only the 1,7V signal generated 
bubbles that required more than one pulse. From the photos analysis it came out that approximately seven pulses were 
needed before the bubble detaches. As in the case of hydrogen, the ideal diameter, which is showed in table 7.4, was 
calculated. 

Table 7.4: Single bubble production per pulse. 

Oxygen - 1bar 

V [V] I [mA] P [mW]  [µm] Vol [m³] n [mol] 

1.5 0.093 0.14 79.00 2.58E-13 1.20E-11 
1.6 0.148 0.24 54 8.24E-14 3.84E-12 

1.70 0.193 0.33 56.00 1.1E-13 5.01E-12 
1.80 0.193 0.35 59.00 1.08E-13 5.01E-12 
1.9 0.214 0.41 61 1.19E-13 5.53E-12 



As well as in the hydrogen case, the diameter corresponding to 1,5V is not following the projection of the other ideal 
diameters. In this it is bigger even than the diameter corresponding to 1,9V. This could give the reason to think that, 
for both gases, their bubble diameters would be smaller if 1,5V would be applied only 10ms, and most probably would 
follow the linear projection. Another aspect to be considered is that for ideal settings, the minimum required voltage 
for electrolysis of  and  is 1,48V. Below this value, no electrolysis is possible. Accounting for realistic losses, 
even the 1,5V might be too small to iniciate the electrochemical processes.  Figure 7.13 shows relationship between 
oxygen bubble ideal diameter and voltage, and the linear progression.  

 

Figure 7.13: Diameter of one oxygen bubble per pulse vs. applied voltage. 

In general, and regarding the ideal diameter, hydrogen bubbles present bigger ideal diameters than oxygen. According 
to the elementary equation of the electrolysis double amount of moles of hydrogen are produced than moles of oxygen 
for the same electrical signal and environmental conditions. This is reflected in tables 7.2 and 7.4.  

By dividing equation 3.4 by 3.3, the relationship of hydrogen and oxygen moles is:  

⁄ = 2                                                                             (7.2)⁄  

Equitation 7.2 says the hydrogen moles production is doubles as oxygen, the current is equal for both gases. For 1.7V 
case, both gases have presented similar values of electrical current, 0.183mA and 0.165mA for hydrogen and oxygen 
correspondingly. Taking the rate of hydrogen and oxygen mole production, the result is nearly 2, in this case is 2.2.   

If the 1.9V case is analyzed, the electrical current was higher when hydrogen was produced at the glass coated wire 
electrode. It was practically double than for oxygen, 0.416mA and 0.214mA. Thus, for the same applied voltage, 
hydrogen is presenting less resistance than oxygen, and consequently a higher current is obtained. For the same elec-
trode configuration and same applied voltage oxygen has presented a higher resistance is produced at the glass coated 
wire electrode. It is interesting to observe that the electrical circuit presents different values depending on which elec-
trode produces a specific gas. For 1.9V the rate of moles is nearly 4, in this case 3.9. Figure 7.14 shows the gases moles 
production, in dark blue spots the moles rate.  
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Figure 7.14: Hydrogen and Oxygen moles production vs. applied voltage. 

A possible explanation of this is, that hydrogen is offering less resistance at higher voltages, and so current presents 
higher values. This could be explained by looking at the diameters values, which are smaller than the calculated ideal 
diameter, what is offering less resistance to the voltage.  

However, the reason why hydrogen and oxygen are having this behavior cannot be explain. In principal, the applied 
forces or the saturation nearby the electrode could be some reasons. 

Finally, by comparing the actual results with the previous results with bubble swarms, it can be seen for both gases, 
that the actual diameters are bigger. Moreover, the actual wideness of diameter distribution is more narrowed compare 
with the previous range, especially in the case of oxygen and hydrogen.  

7.1.2 High pressure 

In order to continue with the analysis, the results of the bubble diameters at high pressures are going to be presented. 
As expected, diameters decrease with the increasing pressure.  However, for higher pressures, measurements were 
taken only applying 1.7V and 1.9V.  

7.1.2.1 Hydrogen high pressure 

As it was expected, taking into account tendencies from previous results [4], hydrogen diameter decreases and their 
distribution narrows with increasing pressures. Figure 7.15 shows the diameters frequency specified by the histogram 
bins. In this case 1.9V with a time pulse of 10ms were applied. Pressure of 1bar, 40bar and 180bar are presented.  



 
 

Figure 7.15: Hydrogen bubble diameter distribution – 1bar, 40bar, 180bar. 
 
 

The mean diameter of each measurement are 36μm at 1bar, 26μm at 40bar and 13μm at 180bar, showing a decreasing 
tendency. 
 
Moreover, the distribution at 1bar goes from 10μm to 105μm, while at 180bar the distribution range is from 5μm to 
25μm, what shows clearly how the ranges are narrowing. Accordingly, the standard deviation decreases, supporting 
the previous observation, 22.9 was obtained for 1bar, 9.0 for 40bar and 3.1 for 180bar, meaning that diameters tend to 
show closer defined values. In table 7.5 and table 7.6, a summary of the bubble size distribution is presented for 1,7V 
and 1,9V. 
 

Table 7.5: Representative diameter and STD – 1,7V, 10ms time pulse, 1010ms period. 

 

H₂ - 1,7V 

Pressure [bar] Diameter [µm] STD 

1 68.7 12.9 
20 22.4 8.7 
40 12.3 5.7 
60 18.4 10.3 
80 14.2 5.0 

140 12.5 2.2 
180 11.2 2.7 
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Table 7.6: Representative diameter and STD – 1,9V, 10ms time pulse, 710ms period. 

H₂ - 1,9V 

Pressure [bar] AV - D [µm] STD 

1 54.5 22.9 
20 23.5 8.1 
40 22.5 9.0 
60 10.5 2.8 
80 20.6 8.7 

140 16.1 5.2 
180 13.8 3.1 

 
 

To have a clear overview of the diameter tendency, figure 7.16 is built with data in tables 7.5 and 7.6.  

 

Figure 7.16: Hydrogen - Diameter as function of pressure 

In figure 7.16, three curves are presented, both red and blue represent the actual measurements, the green diamonds 
mark results of Frey [4].  

It can be seen that the tendency of 1,7V and 1,9V curves are similar with each other and with the curve obtained 
previously. Here, however, diameters were slightly bigger; what could be associated with the difference between the 
single bubble behavior and the bubble swarms. The need of a faster production of bubbles in the case of a swarm, 
could explain why more and smaller bubbles are produced.  

Finally, it can be seen that for most of the measurements, the 1,9V curve (squares) shows slightly greater diameter 
values than the 1,7V curve (spheres).  



7.1.2.2 Oxygen high pressure 

Oxygen bubbles were similarly analyzed. Figure 7.17 presents the diameter distribution corresponding to 1bar, 60bar 
and 180bar. In the case of 1bar and 60bar, the input signal was of 1,9V with 10ms of time pulse and a period of 710ms. 
For 180bar measurements, 1,9V was applied.  

Regarding the distribution wideness, a different behavior is observed in comparison with hydrogen.  The wideness of 
the distribution is neither affected by the increasing pressure or the power supply. It seems that for each case an am-
plitude of approx. 20μm is maintained. What it means that oxygen has presented much more defined diameters.  

Moreover, the number of bubbles are less than in the hydrogen case. Both observations could be explained by the same 
reason as for ambient pressure. The electrical resistance is greater for oxygen as bubbles are staying more time at the 
electrode tip, and then less oxygen per time is produced. Furthermore, the reason of the long residence time of bubbles 
could be the influence of the electrode material [10] and the glass coating, which affects the contact angle. 

 

 

Figure 7.17: Oxygen bubble diameter distribution 

 

By comparing results from 1bar and 60bar measurements, the tendency of the diameter to decrease with increasing 
pressure is again observed. This is not happening when comparing with 180bar. Potential reason for this is that, as 
mentioned previously, a different power supply was used. In this case more power input was registered, what has 
generated bigger bubbles. This also shows, how power supply influences the bubble behavior. In figure 7.18, the rela-
tion between bubble diameter and increasing pressure is presented.  
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Figure 7.18: Oxygen - Diameter as function of pressure 

 

Although oxygen does no show a clear tendency as hydrogen, for similar experimental settings diameters are decreas-
ing with increasing pressure. In this case, diameters are also showing greater values than in [4]. The reason could be 
the same that was supported for hydrogen.  
 
For 140bar, 180bar, and 1.7V at 60bar greater diameter values are evolving. This is due to the fact that in those meas-
urements constant direct current was applied. The reason for using constant direct current was to increase the frequency 
of bubbles generation. It was observed that oxygen bubbles required more time to form when pulses were applied. 
 
For the same pressures and in particular when continues direct current was applied, diameter clearly increases with 
increasing voltage.  
 
Again, it can be seen that the power supply is influencing the bubble sizes. Table 7.7 and 7.8 present the mean diame-
ters, which values were well defined. This is due to the narrowed distribution that every case has presented.  
 
 

Table 7.7: Representative diameter and STD – 1,7V, 10ms time pulse, 710ms period and D.C. 
 

O₂ - 1,7V 

Pressure [bar] Signal Diameter [µm] 

1 Pulse 100.9 
20 Pulse 60.0 
40 Pulse 50.8 
60 D.C. 96.8 
80 Pulse 14.1 

140 D.C. 86.0 
180 D.C. 77.1 

 
 



Table 7.8: Representative diameter and STD – 1,9V, 10ms time pulse, 710ms period and D.C. 

O₂ - 1,9V 

Pressure [bar] Signal Diameter [µm] 

1 Pulse 63.1 
20 Pulse 61.3 
40 Pulse 55.9 
60 Pulse 33.6 
80 Pulse 27.3 

140 D.C. 103.9 
180 D.C. 94.1 

 

7.2 Rising Velocity 

In this section the mean velocities of bubbles are presented. The rising velocity as function of dimeter is analyzed and 
terminal velocity of the bubbles, following Stokes law, will be observed. The applied voltages have been 1,7V and 
1,9V.  

7.2.1 Atmospheric Pressure. 

As for the bubble size investigations, measurements and results corresponding to 1bar are analyzed in more detail. 
Results corresponding to higher pressures will be presented in the following sections.  

7.2.1.1 Hydrogen 

The distribution of the rising velocity are presented in figures 7.15 and 7.16. 
 

 

Figure 7.19: H₂ bubble rising velocity distribution – 1,7V – 1bar 
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Figure 7.20: H₂ bubble rising velocity distribution – 1,9V – 1bar 

 
Figures 7.19 and 7.20 show the velocities that were calculated and its frequency. By comparing them, it can be seen 
that for 1,9V the velocity distribution is wider than for 1,7V. This could be explained by the fact that for 1,9V, bubbles 
presented a wide range of diameter values. If the rising velocity is increasing with the diameter, then, this can explain 
why slower velocities have a high frequency for 1,9V, since smaller diameters have appeared more often when 1,9V 
were applied.  

Moreover, the diameter size distribution for the 1,7V is much narrower, what would lead to the assumption that the 
velocity distribution should also be narrow. However, the distribution corresponding to 1,7V has a considerable range. 
The reason is that, the rising bubbles experience an acceleration, and so velocity will show increasing values for dif-
ferent positions further away from the electrode.  

However, figures 7.15 and 7.16 do not show any relationship either with the bubbles diameter or with the position of 
the bubble.  

Consequently, the rising velocity was investigated as function of the vertical position. For both cases, 1,7V and 1,9V, 
two different diameters were analyze. Figures 7.17 and 7.18 present the data and tendency lines correspondent to 
different bubbles of the same size.   

The results show that bubbles are moving faster when they are far away from the electrode. 

It is also observed that the rising velocity, in average, is higher for bigger diameters. 



 

 

Figure 7.21: H₂ Data set and tendency lines of the rising vel. as function of vertical position of bubbles with diameters of 59μm 
and 74μm – 1.7V – 1bar. 

 

 

Figure 7.22:H₂ Data set and tendency lines of the rising vel. as function of vertical position of bubbles with diameters of 36μm 
and 92μm – 1.9V – 1bar. 

 

Due to the greater diameter difference analyzed in Figure 7.22, the rising velocities also showed a larger difference 
than for the 1.7V case in figure 7.21.  

So far, it has been observed that the rising velocity is influenced by the bubble diameter and that increases as the bubble 
moves away from the electrode. In order to get more into detail regarding the mentioned points, the rising velocity 
average per diameter was taken and the terminal velocity was observed.  
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Figure 7.23, was construced in order to anlyze the velocity as funtion of the diameter.  
 

 
 

Figure 7.23: Hydrogen rising velocity average per diameter – All applied voltages – 1 bar. 

 
The data of every applied voltage was filtered by diameter, then the average velocity was taken for each size, finally 
an average curve was build. In every case the tendency shows that the rising velocity increases with the increasing 
diameters. As this are average curves, there is no possible comparison with Stokes’ Law.  

Moreover, it can be seen, that the dataset corresponding to 1,7V is above the average trend line. This could be ex-
plained, by observing that this signal presents a greater frequency of bubble generation, bringing them closer to each 
other during the rising. This could be interpreted, as they are closer to the bubble swarm behavior, what increases the 
velocity value for each diameter.   

Furthermore, some bubbles were study in particular in order to corroborate the predictions of the Stokes’ Law. If the 
obteined velocity values are in the same order of the prediction, then this explains the acceleration that is already 
noticed. The analysis will be shown in the following section tougheder with the high pressure results. 

 

 

 

 

 

 

 

 

 



7.2.1.2 Oxygen 

As for hydrogen, similar analysis of rising velocitie of si oxygen performed. Figures 7.21, 7.22, 7.23 and 7.24 show 
the velocty distribution and the velocity as function of the position for 1,7V and 1,9V. The same tendencies are also 
the realised for hydrogen. The oxygen bubbles have shown a narrowed distribution, therefore velocities distributions 
are also narrowed.  

 

 

Figure 7.24: Oxygen rising velocity distribution – 1,7V – 1bar 

 

 

 

Figure 7.25: Oxygen rising velocity distribution – 1,9V – 1bar 
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Figure 7.26: Figure 1.22: Data set and tendency lines of the rising vel. as function of vertical position for oxygen bubbles with 
diameters of 92μm and 102μm – 1.7V – 1bar. 

 

 

Figure 7.27: Data set and tendency lines of the rising vel. as function of vertical position for oxygen bubbles with diameters of 
59μm and 61μm – 1.9V – 1bar. 

 

In figure 7.27, it can be seen that the smaller diameter presents higher velocities. However, as they have closer values, 
the error may have stronge influence in the calculations. The result shown in figure 7.26 maintain the tendency, where 
for greater diameter, higher velocities have to be expected.  

Furthermore, the relation between oxygen bubbles diameters and velocities is show in figure 7.28. Again, it is observed 
that the rising velocity increases with the increasing diameters. 



  

Figure 7.28: Oxygen rising velocity average per diameter – 1 bar. 

7.2.2 High Pressure 

In the current section the results from oxygen and hydrogen bubble velocities will be analyzed with respect to their 
dependence on pressure. Moreover the measurements and the Stokes’ Law predictions will be compared and, finally, 
previous results and actual measurements will be compared.   

At first, an overview of the velocities distribution is presented in figure 7.29 shows the results of hydrogen and oxygen 
bubble rising velocities for 1bar and 180bar.  
 

 

Figure 7.29: Oxygen and Hydrogen rising velocity distribution  
/  at 1bar: 1,9V – 10ms time pulse – 710ms period                                                                                                       

 at 180bar: 1.9V – 10ms time pulse – 710ms period.  at 180bar: 1.9V D.C. 
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As explained before, at 1bar hydrogen shows a wider velocity distribution due to its wider diameter distribution. At 
180bar the distribution norrows due to the fact that also bubble diameter decreases.  

Moreover, when comparing hydrogen and oxygen at 1bar, the difference between their distribution's wide is clear, as 
it was mentioned before, this is due to the difference that both gases show also with respect to their size distributions.  

The velocities of oxygen bubbles at 180bar have presented higher values because of their bigger diameter. Thus, the 
tendency of higher veloties for increasing diameters is once again corroborated. The velocity values show a norrowed 
distribution as consecuence of the defined oxygen diameter at 180bar. 

Showing rising velocities dependending on pressure, Figures 7.30 and 7.31.  

Starting wth figure 7.30 for hydrogen, a clear tendency to decreas the rising velocity when pressure increases may be 
noticed. There is a higher decremeant at the beginning and a lower slope at the end. 

Moreover, a similarity with previous results can be observed. However, in this case the obtained velocities present 
lower values than in Frey's work [4]. It is shown that current measurements resulting in bigger diameters than before, 
what could lead to the conclution that the velocities here should be higher than in the previous work. The explanation 
could be again the difference between the bubble swarm and the single bubble behavior, where the existence of a flow 
influences the swarm bubble velocities even when those bubbles present smaller diameters. 

 

Figure 7.30: Hydrogen rising velocity as function of pressure 1,7V – 10ms time pulse – 1010ms period  
1,9V – 10ms time pulse – 710ms period 

 
Moving on to oxygen, figure 7.31 shows the relationship between rising velocity and the increasing pressure. Once 
again the tendency of a decreasing velocity for an increasing pressure is obtained. However, as it happened in the 
diameter analysis, the tendency is not so clear, the reason could be the same as for the diameter. The fact that oxygen 
bubbles stick longer to the electrode generates more equally defined diameters.  

The difference between current pulses and constant direct current is once againce noticed. As it was presented before, 
the use of direct current have produced bubbles with bigger diameters than pulses and consecuently higher velocities 
were calculated. This can be seen in figure 7.31. Furthermore, oxygen bubbles that were generated with direct current 
have shown, at the same pressure e.g. 180bar, higher velocities than in previous results. This again suggests the 



explanation based on the bubble swarm and single bubble behavior. If single bubbles present diameters above a certain 
value, then their velocities would be higher than the swarm velocity, which is deacreasing with the increasing pressure.    

 

 

Figure 7.31: Oxygen rising velocity as function of pressure. 1,7V – 10ms time pulse – 1010ms period – D.C.                                                                                                                     
1,9V – 10ms time pulse – 710ms period – D.C. 

 

The present measurements and derived velocitis are compared with Stokes’ Law (See equations 2.12 and 2.13). The 
confirmation of the obtained velocties by the Stokes’ Law prediction supports the idea of the single bubble behavior, 
even when, as it was shown, single bubble obtain higher velocities than in the case of the bubble swarm. In order to 
begin the analysis and show the resutls, figure 7.32 is presented.  

 

 

Figure 7.32: Hydrogen and oxygen bubble terminal velocities. 
Relative error is presented by comparing with Stokes’ Law prediction. 
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Figure 7.32 was constructed by calculating the rising velocity for each correspoding time/position and comparing them 
to the Stoke’s Law velocities, the bubble terminal velocity.  

It can be noticed that the velocity curves over time correspond to bubbles that were taken from different series of 
experiment, even oxygen and hydrogen bubbles are shown in the same figure, the reason is that it was intendet to show 
all the results tougether. What is important to see is that the first point alwas present a certain velocity and with the 
time axis it can be seen how much time it took to the bubble to reach the last calculated velocity. The three curves at 
the right side correspond to right vertival axis, which also measures speed in [mm/s]. The reason to separate them into 
a secondary axis was to have a better observation of the figure. Moreover, the curves are characterized by their d 
iameter, the pressure at which measurment was taken and relative error in comparison with Stokes’ Law calculation. 

Table 7.9 shows the pressure and voltage at which measurements were taken, diameter of the bubbles, the maximum 
velocity value for all the curves, the Stokes’ Law terminal velocity for the corresponding diameter and pressure and 
the relative error between both velocity values.  

Table 7.9: Comparison between calculated veocties and Stokes preiction 

H₂/O₂ - Terminal Velocity 

Gas p [bar] Volt. [V] Diameter [μm] Cy [mm/s] Stokes [mm/s] E% 

H2 1 1.5 69 1.79 1.82 1% 
H2 1 1.5 64 1.49 1.56 5% 
H2 1 1.5 41 1.35 0.64 52% 
H2 80 1.7 33 0.38 0.41 8% 
H2 180 1.9 20 0.26 0.15 42% 

O2 1 1.5 82 2.18 2.56 15% 
O2 80 1.9 26 0.24 0.23 1% 
O2 180 1.7 77 1.42 1.79 21% 

 

It can be seen that some calculations present a good aproximation to the theoretical value. In those cases bubble were 
clearly detected as single bubbles. On the other hand, there are bubbles that are showing a bigger error. In the case of 
hydrogen, other bubbles influenced both examples with 41μm and 20μm, so it cannot be said that they represent a 
single bubble behavior, what could be the reason of the shown difference. In the case of oxygen, single bubbles were 
detected with diameter of 77μm and 82μm, obtaining higher rising velocity values. In both cases, the calculated veloc-
ities present an inferior value than the Stokes’ prediction. Then, the reason of the difference could be that the bubbles 
need a longer distance to reach the Stokes’ value as they are moving faster, what would happen only in a position 
above the visual inspection field.  

Summing up, it is noticed that the velocity of the bubbles is increasing but not indefinetley. Instead, they reach a 
terminal velocity, which corresponds to the fluid dynamics theory, explained by the Stokes’ Law. Although some of 
them are showing the expected results and reason were found to explain the cases were differences were found, only 
eight bubbles were analyzed in a rising distance of about 2mm, what immplies that the analysis shoud be continued in 
order to support the results. 

Finally, the rising velocity as function of the diameters is presented. Figure 7.33 presents the results of  the actual 
measurements, representing the single bubble behavior, and the curves that were obtained by Frey in his work where 
swarms of bubbles were observed [4].  



 

Figure 7.33: Hydrogen and Oxygen rising velocity as function of diameter. Comparison between previous and actual results. 

 
Figure 7.33 is showing that, for the same diameters, a swarm of bubbles rise more rapidly than single bubbles. 
Howerver, the condition of same diameter, do not assures same pressure. It was shown previouly that, in the case of 
oxygen and for the same pressure, single bubbles could obtain greater diameters presenting higher speeds than the 
bubble swarm.  

Moreover, in the previous work [4], hydrogen bubbles showed higer velocities than oxygen bubbles, but in the current 
measurements this difference is only clearly deteceted for smaller diameters. 
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7.3 Life time at free surface 

In this section the last observation of the master thesis is presented. As it was mentioned before, this experiments were 
performed with a vertical arrangement in order to take imagenes from the plain view of the free surface. Measurements 
were taken only at atmospheric pressure, the top glass window was in total contact with the gas face and under this 
conditions it is not suggested to increase pressure.  

For this point, only observation were made due to the difficulties that present the precise determination of the bubble 
diameters and the interpretation of the photos. Ranges of diameters will be related with ranges of the life time at the 
free surface, and some comment about what was observed will be done. 

Figure 7.34 shows an example how lifetime of bubble was extrated from a sequence of images.  

 

Figure 7.34: Sequence of 99μm diameter hydrogen bubble at the free surface 
1,9V – 10ms Pulse – 2010ms Period 

In the secuence, it can be seen how the bubble is rising and reaching the free surface. Images from one to four present 
half a second between them, image five is the consectuve picture from image four. The last secuence shows how the 
bubbe goes through the free surface in 11ms.   

7.3.1 Hydrogen 

For hydrogen, two set of measurements were performed, the first one appling 2V and direct current, and the second 
one using 1,9V with 15ms of pulse time and 2010ms of period.  

Beginning with the pulsed signal results, table 7.10 summarizes the observation. 
 

 
Table 7.10: Hydrogen bubbles diameters and life time at free surface. 1,9V – 10ms Pulse – 2010ms Period 

 
 

Diameter [μm] 15 23 28 31 36 38 56 86 99
Life time [s] 9 2 2 1.5 1.5 2 1 0.011 0.011

 H₂ life time at free surface - 1,9V - Pulse



 

Figure 7.35: Lifetime of bubbles as function of diameter. 

It can be observed in table 7.34, that bubbles with bigger diameters require less time to go through the free surface. 
Diameter have presented a range between 15μm and 99μm, which is consistant with the obtained distribution. 
Moreover, an xample is presented, a secuence of images is shown in figure 7.35 

Furthermore, below are presented the results corresponding to 2V and direct current. In this case diameters were bigger, 
moast of the values were found between 110μm and 184μm, however there were cases were smaller bubbles have 
appeared.  

Regardig the life time of the bubbles, by following the secuence of the consecuetive pictures, 11ms of time delay 
between images, moast of the cases have shown an instantaneous bursting at the free surface. It was also noticed, that 
some bubbles stayed some time, but not more than 0.5s.  

In particular, the interaction of one bubble and dirt was detected, with the concecuence that the bubble stayed at the 
free surface without bursting, 7s was the bubble at the free surface until it when out of the image frame.  

Finaly, secuences are presented in order to show what was observed. Figure 7.36 shows the secence of two consecutive 
photos. In this case it shown the bursting of a bubble and how it has influenced the free surface. It is assumed that the 
other bubbles are not jet at the free surface beacause they are not showing any change in their position.  
 

 
 

Figure 7.36: Bursting of 140μm diameter hydrogen bubble 
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Figure 7.37 shows how two bubbles go through the free surface after 11ms. In this oportunity, the influnce at the free 
surface is not noticed.   

 

Figure 7.37: Bursting of 180μm and 110μm diameter hydrogen bubbles 

It can be seen in figure 7.38, how bubbles that are apparently at the free surface do not burst during 11ms, but 0.5s 
after, the next image was taken, shows that those bubbles have gone through the free surface.  

 

Figure 7.38: Bursting several hydrogen bubbles 

It can be seen in figure 7.39, how some group of bubbles that are apparently at the free surface burst during and some 
of them stay there during the 11ms. In the next picture, which is not shown, no bubbles are observed, this represent 
0.5s.  

 

Figure 7.39: Bursting several hydrogen bubbles 

 



7.3.2 Oxygen 

In the case of oxygen only 2V and constant direct current were applied.  

The diameters values were registered between 150μm and 270μm. Some group of bubbles appear to have an 
instantaneous bursting at the free surface. However, other observation could give the idea of bubbles staying some 
time at the interface. This time estimated at 0.5s. A sequence of images are presented below.  

Figure 7.40 shows how a bubble of 270μm reaches the free surfaces and bursts 11ms thereafter.  

 

 

Figure 7.40: Bursting of a 270μm oxygen bubble. 

 

A similar case is presented in Figure 7.41. Hier the moment where the bubble is passing through the free surface was 
detected. The bubble rises and reaches the surface during 0.5s, after 11ms it cannot be detected any more. This example 
could support the idea that in some cases the bursting is instantaneous.  

 

Figure 7.41: Oxygen bubble of 237μm going through the free surface 
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Following the previous examples, figure 7.42 shows how a oxygrn bubble rises and bursts. The whole sequence takes 
about 0.5s. The right photo shows the disturbance at the free surface after ther bursting og the bubble.  

 

Figure 7.42: Oxygen bubble rises and bursts. Diameter could not be measured. 

 
However, not all the cases have shown same tendency of instantaneous bursting as in the previous examples. In figure 
7.43 a case is presented where the oxygen bubble has stayed at the free surface for more than 0.5s.  

 

 
Figure 7.43: Oxygen bubble of 245μm diameter rises stays at free surface and bursts. 

 
 

In summary, when hydrogen and oxigen bubbles were observed at the free surface at atmospheric pressure it was 
found, that the life time of the bubles at the free surface depends on their diameter size. In the case of oxygen most of 
the observed bubbles have sustained no longer than 0.5s at the free surface. In the case of hydrogen the relation of life 
time and diameter was better defined. Foam was not detected in no case. 
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8 Summary 
In this master thesis experiments were performed in the high-pressure optical alkaline experimental electrolyzer. The 
work was based on previous work of Frey [4], in which the electrolyzer set-up and electrode design promoted bubble 
swarms formation. In that case was studied the behavior of the bubble swarm regarding the bubble detachment diameter 
and their rising velocity.  

This thesis is focused on the production and study of single bubbles. The results have shown differences in comparison 
with the bubble swarm behavior. In addition to the bubble detachment diameter and rising velocity characterization, 
observations were done of the bubbles lifetime at the free surface. This last series of experiments was performed only 
at atmospheric pressure.  

In order to obtain single bubbles, a new electrode was designed and tested showing satisfactory results. Moreover, a 
pulsed signal was used, which also has contributed to this aim.      

In order to operate the equipment under safe conditions, a safety analysis was performed regarding the hydrogen pro-
duction, the KOH handling, and the high-pressure conditions. This analysis led to modifications of the equipment and 
to the final set-up of the experiments.    

The pressure has been varied between 1bar and 180bar. A new power supply delivered electrical pulses of 1,7V and 
1,9V with an active time of 10ms typically. Optical measurements of the generated bubbles were taken and then ana-
lyzed in order to obtain results.  

To sum up, regarding the bubble size, results have confirmed that the bubble diameter decreases with increasing pres-
sure. In the case of hydrogen, the detachment is instantaneous and the size distribution has shown a narrowing while 
pressure increases. On the other hand, oxygen bubbles stayed longer at the electrode tip and have shown narrowed 
distributions for all applied pressure levels. Reasons for this behavior could be the glass material covering the wire, 
which affects the contact angle, and the used electrical signal. In general, the actual results support the projections 
made in the previous work. However, different values were observed as single bubbles presented greater diameter than 
in the bubbles swarm. Finally, it was observed that for different voltages different diameters were obtained. 

For the rising velocities, it was observed that it increases with the increasing diameters and decreases with the increas-
ing pressure. Both gases have shown similar values for similar diameters. Still differences were detected especially for 
small diameters. The obtained velocities were compared with the Stokes’ law prediction showing good approximations. 
Finally, a comparison was done with previous results, showing that the swarm of bubble presents higher velocities 
than single bubbles.  

Finally, the observation of the bubbles’ lifetime at the free surface has shown that the time the bubbles stays at the free 
surface increases with decreasing diameters. No foam was observed and it was also detected that impurities at the free 
surface affect the bubble bursting. For the observed diameters, it could be said that bursting tends to be instantaneous.  

To conclude, in this master thesis the difference between the bubble swarm and single bubble behavior was success-
fully investigated. It was observed that applied electrical sources and material have considerable influenced on the 
bubbles behavior.      
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1 General safety regulations of KIT 
 

KIT general safety regulation (version 07.2014) is the base for safety considerations. If nothing else 
is regulated for individual cases within this report, the rules described there are to be applied. In 
addition, the applicable laws regarding occupational health and safety, as well as the accident pre-
vention regulations of the Badische Unfallkasse as an accident insurance institution 
(Berufsgenossenschaft) of the KIT apply. 

 



2 Definition of responsibility areas 
 

The areas of responsibility are defined as follows. In the case of changes in the personnel, modifi-
cations must be applied by the responsible trial manager or the institute manager. 

Responsibility areas for occupational health and safety: 

 

 

 

The overall responsibility is of Prof. Dr. Schulenberg.  

  

Guests 

Fr.  
Prieb-Brunner 

(HS) 

Dr. Jordan 
(IKET) 

Hr. Arheidt 
(IKET) 

Hr. Mayer 
(IKET) 

Dr. Kuznetsov 
(IKET) Investigator 
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 Task and function plan in security 
responsibility 

 

2.1 Institute leader 
 

 Overall responsibility for occupational health and safety. 
 

 

2.2 Experimental Director 
 

 Elaboration, supplementation and adaptation of basic rules for experiments in HPE.  

 Definition of responsibilities. 

 Approval and coordination of the work that has to be carried out. 

 Implementation of necessary measures from proposals in order to improve safety. 

 Securement of hazard barriers. 
 

 

2.3 Operational officer 
 

 In security questions, the deputy of the trial leader. 

 Check and verify compliance with the safety program. 

 Check compliance with safety and accident prevention regulations. 

 Control of the use of necessary personal protective equipment. 

 Check for safety-related behavior. 

 Execution control with regard to arranged measures. 

 Collaboration in the preparation of hazard analyzes for hazard areas. 

 Check the order and cleanliness of the test facility. 

 Define measurements for exposure areas. Labeling exposure areas. 
 

 

 

2.4 Security officer 
 

 Support, advice and information of the trial leader and his deputy. 

 Check and verify compliance with the safety program. 



 Specialized and specific training of employees and guests. 

 Recommendations and deadlines for the elimination of hazardous situations. 

 Check compliance with the safety regulations. 

 Control that necessary personal protective equipment is used. 

 Check for safety-related behavior. 

 Collaboration in the preparation of hazard analyzes for hazardous areas. 

 Derive measures from results and controls. 
 

 

2.5 Specialist for work safety 
 

 Establishment of priorities and fulfillment of the safety program. 

 Coordination of the safety program, the supervisory authorities, the labor security office, the 
medical department and the works council. 

 Coordination and support for the implementation of the security program. 

 Supporting the trial leader by writing the draft for basic rules. 

 Information and advice during the implementation of the safety program. 

 General instruction of employees and guests. 

 Saving and testing of safety-relevant protocols. 

 Coordination in the preparation of hazard analyzes for hazard areas. 
 

 

2.6 Operation technicians and maintenance personnel 
 

 Realization and implementation of the safety program in its own area of activity. 

 Implementation of the measures ordered by the trial managers and the operational officers. 

 Eliminate deficiencies in own area. 

 Information and suggestions for measures to identify potential hazards to the trial manager 
and the operational staff. 
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3 Hazard assessment 
 

Hazard analysis according to §5 Occupational Health and Safety Act (OcH&SAct) 

Date: __________  

 

The hazard assessment is divided into: 

4.1 Preparation 

4.2 Implementation 

4.3 Conclusion/Post-Procedure 

4.4 Maintenance Service 

 

 

KIT 

Institut für Kern- und Energietechnik 

Herrmann-von-Helmholtz-Platz 1 

76344 Eggenstein-Leopoldshafen 

 

 

 

Validation and responsible:  

The risk assessment was conducted by: 
The following were involved in the risk assessment: 
The hazard analysis was discussed with: 

  

 

 



3.1 Preparation 
 

Nr. Possible hazards / loads 
Adequate 
measures 

Measures (technical-organizational-personal) 
comments to implement measures 

Consultancy 
requirements 

Implementation Effectiveness 

Until/By Effective/When 

1 Mechanical hazards 

1.1 Unprotected moving parts 

1.2 Parts with hazardous surfaces 

  Sharpened electrode tips Yes Tips and electrodes should be stored in suitable box. No Realized Yes 

1.3 Moving means of transport, moving equipment 

1.4 Uncontrolled moving parts 

1.5 Fall on the plane, slipping, stumbling, kinking, failure (work and traffic areas) 

1.6 Fall 

2 Electrical hazards 

2.1 Dangerous body currents circulation 

2.2 Electric arcs 

3 Hazardous substances 

3.1 Gases 

  Nitrogen inhalation in very 
high concentrations 

Yes 
Follow the electrolyzer filling procedure to avoid leakages. In 
case of N2 release, ventilate the laboratory. 

No Realized Yes 

3.2 Vapors 

3.3 Aerosols 

3.4 Liquids 

  KOH solution, leakages Yes 
For preparation of the solution follow manufacturer instruc-
tions and good practices, use gloves and glasses. 

No Realized Yes 

3.5 Solids 

3.6 Continuous reactions 
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3.7 Dust 

4 Biological hazards 

4.1 Infection by microorganisms, viruses, or biological agents 

4.2 Genetically modified organisms (GMOs) 

4.3 Allergens and toxic substances of microorganisms, etc. 

5 Fire and explosions Risks 

5.1 Fire hazard due to solids, liquids, gases 

5.2 Explosive atmosphere 

5.3 Explosives 

5.4 Electrostatic charge 

6 Thermal hazards 

6.1 Contact with hot media 

6.2 Contact with cold media 

7 Hazards due to special physical effects 

7.1 Noise 

7.2 Ultrasound, infrasound 

7.3 Whole body vibrations 

7.4 Hand-arm vibrations 

7.5 Non-ionizing radiation 

7.6 Ionizing radiation 

7.7 Electromagnetic fields 

7.8 Work in underpressure or overpressure 

  Gas and liquid at high pres-
sure 

Yes 
Look for damaged parts (connections, tubs). 

No Realized Yes Check proper functioning of pressure gauge. 
Follow pressurization instructions and good practices.  

7.9 Danger of drowning 

8 Exposure to working environment 



8.1 Climate 

8.2 Lighting 

8.3 Space requirements / traffic routes 

  Transportation and installa-
tion of electrolyzer 

Yes 

Make sure the electrolyzer is depressurized before transpor-
tation. 

No Realized Yes Clear the path from one laboratory to another.  

Make sure, that there is enough space to mount all the 
needed equipment (electrolyzer, power source, computer, 
laser, camera). 

9 Physical stress / workload 

9.1 Heavy dynamic work 

9.1.1 Lifting and carrying heavy loads 

  Electrolyzer and needed 
equipment 

Yes 
Make sure to use the proper transportation means. Electro-
lyzer must be carried at least by two persons.  

No Realized Yes 

9.2 One-sided dynamic work 

9.3 Posture / holding work 

9.4 Combination of static and dynamic work 

10 Perception and manageability 

10.1 Information photographing 

10.2 Scope of perception 

10.3 Difficult handling of work equipment 

11 Other hazards 

11.1 Unsuitable personal protective equipment 

11.2 Skin strain 

  
Contamination of hands dur-
ing assembly work 

Yes 
Clean contaminated skin, skin protection plan is hanged. 
Wear protective gloves if necessary. 

No Realized Yes 

11.3 By people 

11.3.1 Misconduct in cooperation, self-assessment 

  Avoid hazards and injuries. Yes Avoid working alone in the laboratory. No Realized Yes 
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Comment: Operating instructions, safety documentation 

11.3.2 Misbehavior of guests and staff 

  Avoid hazards and injuries. Yes 
Avoid solitary work 

No Realized Yes Guests have to comply with the instructions of the operating 
staff or be in a secure area. 

11.4 By animals 

11.5 By plants and herbal products 

12 Psychological stress 

12.1 Work activity 

12.2 Work organization 

12.3 Social Conditions 

13 Organization 

13.1 Work routine 

13.2 Working hours 

13.3 Qualification 

13.3.1 Assignment for special activities 

13.4 Instruction 

  

Hazards of man and material 
due to improper work and 
non-compliance with regula-
tions must be avoided. 

Yes 
Operating instructions, instruction (annual repetition), con-
trol. 

No Realized Yes 

13.5 Responsibility 

  Information Yes 
Proper safety information and working data is being pro-
vided.  

No Realized Yes 

13.6 General organization 

 

3.2 Implementation 
 



Nr. Possible hazards / loads 
adequate 
measures 

Measures (technical-organizational-personal) 
comments to implement measures 

Consultancy 
requirements 

Implementation Effectiveness 

Until/By Effective/When 

1 Mechanical hazards 

1.1 Unprotected moving parts 

1.2 Parts with hazardous surfaces 

  Sharpened/pointed elec-
trodes tips 

Yes 
Assure tips are in the box. If they are changed during the ex-
periment, handle them carefully. 

No Realized Yes 

1.3 Moving means of transport, moving equipment 

1.4 Uncontrolled moving parts 

1.5 Fall on the plane, slipping, stumbling, kinking, failure (work and traffic areas) 

1.6 Fall 

2 Electrical hazards 

2.1 Dangerous body currents circulation 

2.2 Electric arcs 

3 Hazardous substances 

3.1 Gases 

  N2, 
H2 and O2 production  

Yes 

N2 tank must be closed and all the valves related to N2 in the 
right position while performing the experiments. 

No Realized Yes 

H2 and O2 production must be controlled. Electrolysis is per-
formed during a certain time. Follow instructions of H2 pro-
duction document. 

3.2 Vapors 

3.3 Aerosols 

3.4 Liquids 

  KOH solution Yes 
Solution recipient must be closed and correctly stored.  

No Realized Yes 
Use gloves, glasses, overall and shoes.  

3.5 Solids 
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3.6 Continuous reactions 

3.7 Dust 

4 Biological hazards 

4.1 Infection by microorganisms, viruses, or biological agents 

4.2 Genetically modified organisms (GMOs) 

4.3 Allergens and toxic substances of microorganisms, etc. 

5 Fire and explosions Risks 

5.1 Fire hazard due to solids, liquids, gases 

  H2 combustion Yes 
Assure controlled H2 production. Follow instructions of H2 
production document. 

No Realized Yes 

5.2 Explosive atmosphere 

5.3 Explosives 

5.4 Electrostatic charge 

6 Thermal hazards 

6.1 Contact with hot media 

6.2 Contact with cold media 

7 Hazards due to special physical effects 

7.1 Noise 

7.2 Ultrasound, infrasound 

7.3 Whole body vibrations 

7.4 Hand-arm vibrations 

7.5 Non-ionizing radiation 

  Laser Yes Follow the laser manual instructions.  No Realized Yes 

7.6 Ionizing radiation 

7.7 Electromagnetic fields 

7.8 Work in underpressure or overpressure 



  Gas and liquid at high pres-
sure 

Yes 

Check working pressure with pressure gauge.   
 
Physical protection has to be used (cover). 
 
Follow pressurization instructions and good practices.  

No Realized Yes 

7.9 Danger of drowning 

8 Exposure to working environment 

8.1 Climate 

8.2 Lighting 

8.3 Space requirements / traffic routes 

9 Physical stress / workload 

9.1 Heavy dynamic work 

9.1.1 Lifting and carrying heavy loads 

9.2 One-sided dynamic work 

9.3 Posture / holding work 

9.4 Combination of static and dynamic work 

10 Perception and manageability 

10.1 Information photographing 

10.2 Scope of perception 

10.3 Difficult handling of work equipment 

11 Other hazards 

11.1 Unsuitable personal protective equipment 

11.2 Skin strain 

  Contamination of hands dur-
ing operation 

Yes 
Clean contaminated skin, skin protection plan is hanged. 
Wear gloves if necessary. 

No Realized Yes 

11.3 By people 

11.3.1 Misconduct in cooperation, self-assessment 

  Avoid hazards and injuries. Yes 
Avoid working alone in the laboratory. 

No Realized Yes 
Comment: Operating instructions, safety documentation  
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11.3.2 Misbehavior of guests and staff 

  Avoid hazards and injuries. Yes 

Avoid solitary work 

No Realized Yes Guests must comply with the instructions of the operating 
staff or be in a secure area, as is indicated in safety regula-
tion.  

11.4 By animals 

11.5 By plants and herbal products 

12 Psychological stress 

12.1 Work activity 

12.2 Work organization 

12.3 Social Conditions 

13 Organization 

13.1 Work routine 

13.2 Working hours 

13.3 Qualification 

13.3.1 Assignment for special activities 

13.4 Instruction 

  

Hazards of man and material 
due to improper work and 
non-compliance with regula-
tions must be avoided. 

Yes 
Operating instructions, instruction (annual repetition), control 
necessary 

No Realized Yes 

13.5 Responsibility 

  Information Yes 
Proper safety information and working data is being pro-
vided.  

No Realized Yes 

13.6 Organization in general 

3.3 Conclusion/Post-Procedure 
 

Nr. Implementation Effectiveness 



Possible hazards / 
loads 

adequate 
measures 

Measures (technical-organizational-personal) 
comments to implement measures 

Consultancy 
requirements 

Until/By Effective/When 

1 Mechanical hazards 

1.1 Unprotected moving parts 

1.2 Parts with hazardous surfaces 

  Sharpened/pointed elec-
trodes tips 

Yes Store tips in correct box. No Realized Yes 

1.3 Moving means of transport, moving equipment 

1.4 Uncontrolled moving parts 

1.5 Fall on the plane, slipping, stumbling, kinking, failure (work and traffic areas) 

1.6 Fall 

2 Electrical hazards 

2.1 Dangerous body currents circulation 

2.2 Electric arcs 

3 Hazardous substances 

3.1 Gases 

  N2 
H2 and O2 exhaust 

Yes 

Assure that N2 tank is closed and all the valves related to the 
gas circuit are in the right position. In case of N2 inhalation, 
follow N2 safety sheet instructions.  

No Realized Yes H2, O2 and N2 must be exhausted. Follow the exhaust pro-
cedure. If it is possible, do it near a window.  
Keep H2 and O2 out of flammability limits. Follow instructions 
of H2 production document. 

3.2 Vapors 

3.3 Aerosols 

3.4 Liquids 

  KOH solution Yes 
Solution must be drained into the correct recipient for final 
storage.  

No Realized Yes 
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If solution is left in the electrolyzer make sure the electrodes 
or plugs are fixed. In order to avoid material damage, make 
sure KHO solution remains the permitted time inside the op-
tical chamber. 

3.5 Solids 

3.6 Continuous reactions 

3.7 Dust 

4 Biological hazards 

4.1 Infection by microorganisms, viruses, or biological agents 

4.2 Genetically modified organisms (GMOs) 

4.3 Allergens and toxic substances of microorganisms, etc. 

5 Fire and explosions Risks 

5.1 Fire hazard due to solids, liquids, gases 

  H2 combustion Yes 
Assure controlled H2 exhaust. Follow instructions of H2 pro-
duction document. 

No Realized Yes 

5.2 Explosive atmosphere 

5.3 Explosives 

5.4 Electrostatic charge 

6 Thermal hazards 

6.1 Contact with hot media 

6.2 Contact with cold media 

7 Hazards due to special physical effects 

7.1 Noise 

7.2 Ultrasound, infrasound 

7.3 Whole body vibrations 

7.4 Hand-arm vibrations 

7.5 Non-ionizing radiation 



  Laser Yes When turning it off, follow laser manual instructions. No Realized Yes 

7.6 Ionizing radiation 

7.7 Electromagnetic fields 

7.8 Work in underpressure or overpressure 

  Gas and liquid at high 
pressure 

Yes 
Follow depressurization instructions and good practices.  

No Realized Yes 

The device must be depressurized, check pressure gauge.  

7.9 Danger of drowning 

8 Exposure to working environment 

8.1 Climate 

8.2 Lighting 

8.3 Space requirements / traffic routes 

  Transporting and storing 
electrolyzer 

Yes 

If more experiments are going to be performed, do not modify 
space arrangement and experiment area.  

No Realized Yes Make sure the electrolyzer is depressurized before transpor-
tation. 

Clear the path when moving the electrolyzer from one labor-
atory to another. 

9 Physical stress / workload 

9.1 Heavy dynamic work 

9.1.1 Lifting and carrying heavy loads 

  Electrolyzer and needed 
equipment 

Yes 
Make sure to use the proper transportation means. Electro-
lyzer must be carried at least by two persons.  

No Realized Yes 

9.2 One-sided dynamic work 

9.3 Posture / holding work 

9.4 Combination of static and dynamic work 

10 Perception and manageability 

10.1 Information photographing 
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10.2 Scope of perception 

10.3 Difficult handling of work equipment 

11 Other hazards 

11.1 Unsuitable personal protective equipment 

11.2 Skin strain 

  
Contamination of hands 
during assembly work 

Yes 
Clean contaminated skin, skin protection plan is hanged. 
Wear protective gloves if necessary 

No Realized Yes 

11.3 By people 

11.3.1 Misconduct in cooperation, self-assessment 

  Avoid hazards and injuries. Yes 
Avoid working alone in the laboratory. 

No Realized Yes 
Comment: Operating instructions, safety documentation  

11.3.2 Misbehavior of guests and staff 

  Avoid hazards and injuries. Yes 

Avoid solitary work. 

No Realized Yes Guests must comply with the instructions of the operating 
staff or be in a secure area, as is indicated in safety regula-
tion.  

11.4 By animals 
11.5 By plants and herbal products 

12 Psychological stress 

12.1 Work activity 

12.2 Work organization 

12.3 Social Conditions 

13 Organization 

13.1 Work routine 

13.2 Working hours 

13.3 Qualification 

13.3.1 Assignment for special activities 

13.4 Instruction 



  

Hazards of man and mate-
rial due to improper work 
and non-compliance with 
regulations must be 
avoided. 

Yes 
Operating instructions, instruction (annual repetition), control 
necessary 

No Realized Yes 

13.5 Responsibility 

  Information Yes Proper safety information and working data is being provided.  No Realized Yes 

13.6 Organization in general 

 

 

3.4 Maintenance Service 
 

Nr. 
Possible hazards / 
loads 

adequate 
measures 

Measures (technical-organizational-personal) com-
ments to implement measures 

Consultancy 
requirements 

implementation effectiveness 

Untill/By Effectiv/When 

1 Mechanical hazards 

1.1 Unprotected moving parts 

1.2 Parts with hazardous surfaces 

1.3 Moving means of transport, moving equipment 

1.4 Uncontrolled moving parts 

1.5 Fall on the plane, slipping, stumbling, kinking, failure (work and traffic areas) 

1.6 Fall 

2 Electrical hazards 

2.1 Dangerous body currents circulation 

2.2 Electric arcs 

3 Hazardous substances 

3.1 Gases 
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3.2 Vapors 

3.3 Aerosols 

3.4 Liquids 

  KOH solution Yes 
Clean the entire electrolyzer after removal of KOH solution. 
 
Use demineralized water for cleaning. 

No Realized Yes 

3.5 Solids 

3.6 Continuous reactions 

3.7 Dust 

4 Biological hazards 

4.1 Infection by microorganisms, viruses, or biological agents 

4.2 Genetically modified organisms (GMOs) 

4.3 Allergens and toxic substances of microorganisms, etc. 

5 Fire and explosions Risks 

5.1 Fire hazard due to solids, liquids, gases 

5.2 Explosive atmosphere 

5.3 Explosives 

5.4 Electrostatic charge 

6 Thermal hazards 

6.1 Contact with hot media 

6.2 Contact with cold media 

7 Hazards due to special physical effects 

7.1 Noise 

7.2 Ultrasound, infrasound 

7.3 Whole body vibrations 

7.4 Hand-arm vibrations 

7.5 Non-ionizing radiation 



7.6 Ionizing radiation 

7.7 Electromagnetic fields 

7.8 Work in underpressure or overpressure 

  Gas and liquid at high 
pressure 

Yes 
Look for damaged parts (connections, tubs). 

No Realized Yes 
Check proper functioning of pressure gauge. 

7.9 Danger of drowning 

8 Exposure to working environment 

8.1 Climate 

8.2 Lighting 

8.3 Space requirements / traffic routes 

  Transporting and instal-
lation of electrolyzer 

Yes Make sure is enough space to mount all the needed equipment. No Realized Yes 

9 Physical stress / workload 

9.1 Heavy dynamic work 

9.1.1 Lifting and carrying heavy loads 

9.2 One-sided dynamic work 

9.3 Posture / holding work 

9.4 Combination of static and dynamic work 

10 Perception and manageability 

10.1 Information photographing 

10.2 Scope of perception 

10.3 Difficult handling of work equipment 

11 Other hazards 

11.1 Unsuitable personal protective equipment 

11.2 Skin strain 

11.3 By people 
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11.3.1 Misconduct in cooperation, self-assessment 

11.3.2 Misbehavior of guests and staff 

11.4 By animals 

11.5 By plants and herbal products 

12 Psychological stress 

12.1 Work activity 

12.2 Work organization 

12.3 Social Conditions 

13 Organization 

13.1 Work routine 

13.2 Working hours 

13.3 Qualification 

13.3.1 Assignment for special activities 

  Maintenance Yes 

The operator must prove the appropriate qualification. (Pressure 
test) 

No Realized Yes 

Comment: Operating instructions, instruction, control necessary. 

13.4 Instruction 

  

Hazards of man and 
material due to im-
proper work and non-
compliance with regula-
tions must be avoided. 

Yes 
Operating instructions, instruction (annual repetition), control nec-
essary 

No Realized Yes 

13.5 Responsibility 

  Information Yes Proper safety information and working data is being provided.  No Realized Yes 

13.6 Organization in general 



4 Special safety rules 
 

Checklist, escape routes, responsibility list, instructions 

 

 

5 Exposure Areas 
 

 

 

6 Instruction for guests 
 

Before starting the experiment, a safety instruction is required. The protocol to be used is in the 
appendix.  
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Appendix A 
For hazard assessment High Pressure Electrolyzer 
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A-1 Site plan containing laser laboratory with HPE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abb. A-1: KIT CAMPUS-NORD with B.419 offices of working group Hydrogen of IKET and B.415 laser 
laboratory. 

A-2 Description of high pressure electrolyzer 
 
The whole device can be divided into three circuits, the electrolyzer, the KOH filling/draining circuit and the gas 
feeding/exhaust circuit. 
 

IKET (415) LaserLab 



 
 
Fig.2 A-2: High pressure electrolyzer. 
 
 
The optical electrolyzer consists of a cylinder with eight connections. Two connections 
are for the electrodes, two more to fill and exhaust/drain the chamber with nitro-
gen/electrolyte correspondingly and the last four are for the recirculation pumps. There 
are also two glass windows, which make it possible to take optical measurements of 
the hydrogen bubbles produced during electrolysis. 
 
The electrolyzer chamber is designed to resist a working pressure of up to 450bar. The 
device has two configurations. With the first one, pressures can be rise only up to 
200bar. The second configuration is able to withstand pressures of up to 450bar.   
 
Electrodes are exchangeable, in order to have different types of electrode shapes and 
sizes. 
 
Nitrogen is contained in a high-pressure bottle and fed in through the passing valve, 
which is linked to the main cylinder of the optical electrolyzer. A pressure gauge 
measures the total pressure on the system and the safety valve ensures the pressure 
does not exceed the limit (210bar conf.1/450bar conf.2).  
 
The hydraulic tank and the manual pump are connected to the system. This tank leads 
to two separated circuits. The first one is connected to the main tank, filled with the 
electrolyte. The second circuit is filled with hydraulic oil and connected to the manual 
pump. A piston inside this tank separates both liquids. The manual pump is used to 
raise the pressure above 200bar. The pump is connected to the hydraulic oil circuit.  
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Fig.1 A-2: High pressure electrolyzer. 
 
 
In Fig. 3 shows the arrangement used to perform the experiments. 
 

 
 
Fig.3 A-2: Experimental arrangement. 
 
As it can be seen, more equipment is needed, this is mentioned in section C-1 



A-3 List of first aids responsible.   
T Table A-1: First Aids responsables at the IKET and in the B 415 Laser Lab, 
 

Name Telenor. 
Albrecht 24485 
Abrogate 23463/24097 
Bauru 22174/26203 
Croon 23818 
Dauber 23461 
Hesselschwerdt, M. 26204 
Kaup 24810 
Kirstahler 23351/23355 
Krieger 23485 
Landmann 23785 
Meyer, M. 26204 
Miodek,  23485 
Pflaum 28266 
Prestel 24070 
Rapp 24887/24017 
Rottenecker 23480 
Schmidt-Stiefel 23453 
Sempert 28266 
Schwall 26592/23352 
Vollmer 23460 
Wenz 26205 
Wiegner 22416 
Wiemer 23472 

 
NOTRUF: 3333 
 

  



 

119 
 

A-4 Protocol on the instruction for guest scientists and 
third-party personnel  
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A-5 Checklist for the experiments  
For the planned experiments in the HPE, checklists are provided. After checking the 
experimental facilities, the list can then be adapted to the respective requirements and 
extended if necessary. The examiner fills the checklists and provides them with the 
signature, date and test number. 
 

 All the needed equipment is already placed and arranged properly.  

 Safety measurements: Cloth, Electrolyzer in container and covered up, exhaust con-

tainer placed.    

 All valves are closed and power sources is turned off.  

 The electrolyzer is empty and the electrodes are fixed.  

 Check for any damaged parts.  

 Open passive valve and KOH valve. 

 Fill chamber with N2 until there is no remaining air.  

 Close KOH valve. 

 Close N2 valve and pasive valve. 

 Fill the plastic tube with KOH and open the KOH valve. Use KOH until there is the 
right amount in the optical chamber.  

 To rise the pressure to the working value open N2 tank and passive valve again. 
Close them when the desire pressure is reached. Check with pressure gauge.  

 Turn on the measurement and data equipment. Laser, camera and computer.  

 Check measurement equipment and data acquisition is functioning properly. 

 Connect the electrodes to the power supply.  

 Turn on the power supply.  

 Acquire optical measurements.  

 When finishing the measurements, turn off the power supply. 

 Save data measurements.  

 Turn off optical equipment.  

 Disconnect electrodes. 

 Exhaust gases by opening the exhaust valve, until atmospheric pressure is reached. 

Close valves.  

 Open KOH valve, drain KOH solution. Ocular inspection.  

 Change electrodes and repeat all steps. 
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A-6 List of responsibilities 
The employees involved in the HPE experiments and their responsibilities are summa-
rized in Table A2. These persons are authorized to participate in the construction, im-
plementation and monitoring of the tests. By signing it, they confirm that they have read 
and understood the present working and safety instructions and will follow the work to 
be carried out. 

 

Table A-2: Personnel and responsibility list 

Name (Tel.) Organization Tasks 
Date,  

Signature 
T. Jordan  
(26105) 

IKET 
Administrative Gesamtkoordination, 
Arbeitsschutz und Sicherheit 

 

M. Kuznetsov  
(24716) 

IIET 

Wissenschaftliche Planung, Testmatrix,  
Verantwortlicher Versuchsleiter für 
Vorbereitung und Durchführung, 
Checklisten  

 

J. Prieb-Brunner 
(23835) 

StFA 
 

Arbeitssicherheit  
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Appendix B 
For hazard assessment of high pressure electrolyzer 
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B-1 Nitrogen Safety Data Sheet 
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B-2 Potassium Hydroxide solution (KOH) safety data sheet  
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B-3 Electrolyzer. 
  



 

 

 

 

 

 

 



 

147 
 

Appendix C 
Experiments Description of High Pressure Electrolyzer 
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C-1 Description of experiments 
 

Introduction 
 
The experiments aim to give experimental support to simulation data. Water electrolysis under high pressure 
is performed to supply information about the behavior of hydrogen bubbles. The optical chamber is filled up 
with KOH solution and nitrogen. The alkaline solution is the electrolyte needed for the electrolysis, while 
nitrogen pressurizes the chamber and generates a free surface with the KOH. Optical measurements are 
taken with a camera and a laser. Electrodes and power supply are also used in these experiments.  

 

Experiments 
 

Electrolysis is performed at different pressures and is rise up to 200bar. Optical measurements are taken, 
analyzing this data:  

 Bubble detachment diameter and bubble rising velocity.  
 Production of single bubbles.  
 Interaction between the free surface and the bubble diameter.  

 

The following devices are used for the experiments: 

 High-pressure electrolyzer. 
 Electrical source: Function generator and oscilloscope. 
 Laser: Double-pulsing-Nd:YAG. 
 Camera: CCD-Camera. Resolution of 1280 x 1024 Pixel. 
 Microscope.  
 Computer: Core II Duo, 2 Ghz, 3 GB RAM.  

 
Electrolyzer is filled up with KOH solution and pressurized with nitrogen. 

Electrical source is turned to start the electrolysis. 

For the optical measurements, the laser is used on one window to ensure that the observation field bubbles 
are all illuminated in the same way. A diffusor is attached in order to get this homogeneous illumination. For 
the experiments the position of the focal point can be adjusted. On the other window of the electrolyzer the 
camera is installed for capturing the images. A long distance microscope is placed ahead of the camera, in 
order to achieve a high depth of sharpness in the observation window. The computer is connected to the 
system in order to control the trigger of the laser and to capture the data of the camera. It is intentioned to 
take 50 pictures in each round of measurement.  

 

 

 



 

 

C-2 Checklist for the experiments in HPE at KIT 
 

Preparation  

 Electrolyzer prepared and ready to use.  

 Check all safety measures. 

 Exhaust and drain mechanism are prepared.  

 To turn on the laser, follow the laser manual.  

 Check if data acquisition, laser and video camera are working. 

 Set the data acquisition and video camera to standby. 

 Pressurize the electrolyzer and fill it with KOH solution. 

 Switch on the electrical source in order to star the electrolysis 

 Start data collection procedure. 
 

Experiment 

 Follow the experimental plan. 

 Check voltage and current, optical measurements and data collection. 

 Check the time needed for the experiment and H2 production.  

 
Follow-up:  

 Save the test data.  

 Inspection of HPE. 

 Depressurize and drain KOH solution. 

 To turn off the laser, follow the laser manual.  

 Close valves and turn off the power supply. 
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D 

 
KOH Solution Safety Data Sheet
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E 

 
Maintenance and Cleaning 
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A. Objective:  
 
Clarified the maintenance work and modifications that were applied to the experimental high-pressure elec-
trolyzer.  

 
 

B. Scope:  
 
Regarding the experiments that were done, and thinking about future operations, maintenance and modifica-
tions were planned.  

 
 

C. Cleaning and Maintenance 
 
It has been noticed, that remains of electrolyte have solidified at the electrolyzer surface. White powder was 
found over the exterior surface, meanly on one of the ports where the electrodes are fixed and on the solution 
valve.  
 
 
 
 

                                        

(a)                                                           (b)                                                              (c) 
 

Figure E 1: Electrolizer surface. (a) Hole for electrode. (b),(c) Solution Valve. 

 
 

 

 



                   

                                         (d)                                                           (e)                                                        (f) 

 
Figure E 2: Electrolyzer optical chamber. (d) lens. (e), (f) interior of chamber. 

 

C.1 Cleaning 
 
A series of instructions are suggested in order to make a cleaning of the exterior and interior of the equipment. 
 

Outside cleaning: 
 

I. With dry brush, if possible hard bristle, remove the external incrustations at the chamber 
and tank. 

II. With the dry brush, clean the dirty connections leading to the vessel. 
III. Finish cleaning with a brush and enough water. 

Inside cleaning: 
 

I. Place the electrodes or the plugs in order to seal that the chamber. 
II. Connect a clean water supply to the gas inlet supply. Water should be still. Circulate wa-

ter by means of a centrifugal pump. Close the bleed valve and keep gas valves and elec-
trolyte solution open.  

III. Circulate water intensively through the equipment. Drain the water that leaves the hose 
through the solution valve into a recipient. Insist on this procedure until it is observed 
through the lenses that the incrustations and leftovers have been removed. 

IV. While circulating water through the equipment, activate recirculation pumps. Control is 
done by visual inspections. 
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   C.2 Modification 
 

In this section modifications are proposed, as was mention security and safety were the main focus, also opera-
tion of the equipment was taken into account.  

 

a. Container 
 
It was decided to place the electrolyzer inside a container made out of metal sheets and a metal tub. The 
purpose is to contain the electrolyte solution in case of leakage and provide mechanical protection in case 
of a failure while working at high pressure. The container should permit operation of the equipment 
(valves and manual pump), and give access to lenses for the camera and laser in order to take optical 
measurements.  
 
Figure R.3 shows the final disposition of the equipment inside the container. Each metal sheets in front 
the camera and laser have an orifice, which permits the laser and camera to go inside the container in 
order to take optical measurements.  

 

Figure E 3: Set-up with container 

Drawing can be found in appendix B. This work was it done at the institute’s workshop. 

b. Feeding vale  

Originally, the feeding valve was installed without any separator from the electrolyzer, what represented 
a risk for the operator when experiments were performed at high pressure. In order to minimize this risk, 
valves were placed outside the container. The connection between the valves and the electrolyzer was 
done with a stainless still tube. Figure E.4 shows this modification.  



      

 

Figure E 4: Optical chamber, pressure valves and gauge – New connection. 

 

c. Exhaust valve 
 

A plastic tube was added to the exit of the exhaust valve. The main reason is to maintain certain distance 
between the exhaust gases and the operator. KOH solution droplets may be contained in the exhaust 
gases. The exit of the plastic tube was introduced in a plastic can, which afterwards needs to be delivered 
to final deposition.  
                           

 

 

 

 

 

 

 

 

 

      Figure E 5: Exhaust plastic tube scheme 
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F 
 

Hydrogen Production  
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A. H2 LFL in air 4% vol.  - 1 bar: 

First approach hypothesis:  

1) Atmospheric pressure.  
2) Gas volume inside vessel: 0.2 liters. Nitrogen volume is considered as air.  
3)  Lower Flammability limit: 4% nitrogen, accompanied with 2%  
4) Continues constant current is applied.  
5) 4 – 4.5 kWh/Nm³  efficiency of the electrolysis. 2 mA and 2V. 
6) Electrode of 0.05mm. Active surface is only their cross section. 

 

The supplied power is calculated and so the amount of hydrogen production per time. This amount has to be always 
under the 4% vol. in air. As the energy consumption is given in moles, the LFL of hydrogen in vol. % was con-
verted into mole quantities. 

 

Table F.1: Energy consumption and electrical source values. 

ITBA - KIT Electrolyzer 

Generation Factor (kWh/Nm³) 4 4.5 

Temperature Ambient Temp. 

Voltage (V) 1.5 2 

Current density (kA/cm²) 5.09E-02 1.02E-01 

Power (kW) 1.70E-03 4.00E-03 
  
 Table F.1 shows the power input of the electrolyzer, then the production of hydrogen is:  
 

Table F.2: Hydrogen generation per hour. 

Generation x h 

1.00E-06 Nm³ 

1.00E-03 N Liters 

9.00E-08 kg 

4.46E-05 Moles 
 

Finally, comparing this result with the limit of hydrogen production, results that electrolysis can be hold during 
approximately 8 hours, giving enough time to perform a complete round of experiments.  

Table F.3: Operation Hours at atmospheric pressure. 

moles H2 limit 3.57E-04 

moles H2 x hour ITBA-KIT Electrolyzer 4.46E-05 

Operation hours 8.00 
 

The calculation was done for atmospheric pressure, since hydrogen presents its widest flammability limits at 
this pressure. This statement is supported by YU. N. SHEBEKO’s observation [20], which show the narrowing 
of the hydrogen flammability limit with increasing pressures. Schroeder also confirms this fact [21]. Figure F.1 
shows the narrowing of the flammability limits.  



 

Figure F.1: Influence of the initial pressure on the explosion limits of hydrogen-air mixtures, measured at room temperature. 
Schroeder, 2003. [21] 

B. H₂ LFL in N₂ and O₂ - 1 bar 

In this case, hydrogen production is simulated over time. Due to hydrogen and oxygen generation, pressure inside 
the vessel increase, this also was calculated.  

Second approach hypothesis:  

1) Atmospheric pressure.  
2) Gas volume inside vessel: 0.2 liters of Nitrogen at t = 0. 
3) LFL of 4% vol. used as limit.  
4) Direct constant current is applied.  
5) 1 – 2 mA, and voltage, 1.5 – 2 V.  
6) Electrode of 0.05mm. Active surface is only their cross section. 

 

Table F.4 shows the time in seconds, the volume in liters of each gas and there percentage in the mixture.   

Table F.4: H₂ and O₂ volume production and vol. % in mixture. 

 

 

The partial pressure of each component and the total pressure of the vessel is also calculated. At the moment where 
the LFL is reached, the total pressure inside the cylinder is 1.07 bar.  
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Table F.5: Partial pressures of H₂, N₂ and O₂ in the mixture at the time were 4% vol. of H₂ is been reached in mixture. 
 

 

 
Table F.6: Operation time needed to reach 4% vol. of H₂ in mixture. 

 

As it can be seen in table F.6 electrolysis can be run approx. nine and half hours until the LFL is reached. 

5.4.3 High pressure 

Experiments are pretended to be performed at 200bar. This calculation shows, which is the time limit before the relief 
valve is activated. In this case 210bar are needed to be reached inside the vessel. Pressure increases due to the produc-
tion of hydrogen and oxygen. For higher pressures Z factor was introduced, equation 5.1 was used:  

 

=                                                                                   (5.1)  

 
Table F.7: Partial pressures of H₂, N₂ and O₂ in the mixture at the time were total pressure of 210bar is reached.   

 

Table F.8: Operation time in hours were the total pressure of the mixture is 210 bar. 

 

 

1227 hours are needed to reach 210 bar.  

For both calculations a direct constant current was supposed. However, instead of D.C. as power supply, the experi-
ments are being performed using a square shape signal with periods between 210ms and 710ms and pulse time between 
10ms and 100ms. This reduces the generation of hydrogen in comparison to the D.C. signal, giving the possibility of 
extending the operation time. 

Operation time here calculated is longer than in previous works [4], due to the pulsed signal and also because a smaller 
current value was used. For the current experiments, the maximum current is approx. to 2mA in comparison to 200mA 
that were used before.   
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G 

 
Measurement List
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Bubble Size - Rising Velocity 
Hydrogen  Oxygen 

Pressure [bar] Voltage [V] Time Pulse 
[ms] Period [ms]  Pressure Voltage [V] Time Pulse 

[ms] Period [ms] 

1 

1.5 50 450  

1bar 

1.5 50 450 
1.6 10 510  1.6 10 510 
1.7 10 210  1.7 10 210 
1.8 10 510  1.8 10 510 
1.9 10 710  1.9 10 710 

20 
1.7 10 1010  20 

1.7 10 1010 
1.9 10 710  1.9 10 710 

40 
1.7 10 1010  40 

1.7 10 1010 
1.9 10 710  1.9 10 710 

60 
1.7 10 1010  60 

1.7 - - 
1.9 10 710  1.9 10 710 

80 
1.7 10 1000  80 

1.7 10 1000 
1.9 10 710  1.9 10 710 

140 
1.7 - -  140 

1.7 - - 
1.9 - -  1.9 - - 

180 
1.7 10 1010  180 

1.7 - - 
1.9 10 710  1.9 - - 

 

Lifetime at Free Surface 

Gas Pressure [bar] Voltage [V] Time Pulse 
[ms] Period [ms] 

Hydrogen 1 1.9 15 2010 
Hydrogen 1 2 - - 

Oxygen 1 2 - - 



 


